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Abstract
High resolution laser spectroscopic techniques have been used to study two high symmetry 
Ho3+ centres present in CaF2: Ho3+ (0.0005 mole %) crystals -  the tetragonal C4v (A) and the 
trigonal C3v (B) centres. The optical transitions studied are those between low-lying crystal- 
field levels in the ground 5I8 multiplet and the excited 5F5 multiplet. In these two centres, 
separations between several crystal-field levels are very small. For the CaF2: Ho3+ C4v (A) 
centre, the two lowest ground-state crystal-field levels are an Aj singlet and an A2 singlet 
separated only by 1.7 cm '1. For the CaF2: Ho3+ C3v (B) centre, separations between four low- 
lying excited-state crystal-field levels (an A2 singlet, an E doublet, an E doublet, and an A2 
singlet) are 1.5, 7.5, and 5 cm '1, respectively.
Because of their proximity, these close-lying crystal-field levels are strongly admixed by 
hyperfine interactions. The mixing effects give rise to several unusual features observed in the 
high resolution excitation spectra, the ground-state hyperfine ODMR spectra, and the ground- 
state superhyperfine ODMR spectra. These unusual features include:
(i) For the CaF2: Ho3+ C4v (A) centre:
(a) the observation of nominally group-theoretically electric-dipole forbidden 
transitions between two singlets of different symmetry,
(b) the unusual folded hyperfine pattern associated with transitions between two 
ground singlets and an excited-state doublet,
and (c) the hyperfine-dependence of the observed superhyperfine resonances;
and (ii) For the CaF2: Ho3+ C3v (B) centre:
the observation of extra optical hyperfine lines in the two lowest-energy
doublet-to-doublet transitions.
(viii)
There are also unusual features about the ground-state superhyperfine resonances which arise as 
a result of hyperfine coupling between the lowest ground-state crystal-field level and high-lying 
ground-state crystal-field levels.
(i) For the CaF2: Ho3+ C4v (A) centre, the observed anomalously large splitting of 210 
kHz of the interstitial superhyperfine resonance associated with the Ho3+ m = ±  ^
hyperfine levels has been attributed to the mixing of an electronic doublet (located at 
81.3 cm '1 higher in energy) by the transverse hyperfine interaction.
(ii) For the CaF2: Ho3+ C3v (B) centre, the coupling between the lowest ground-state 
doublet and (at least) two other ground-state doublets (located at 27 and 138.5 cm'1) 
by the axial hyperfine interaction has been shown to be responsible for the 
hyperfine-dependence of the splitting within each observed doublet-structured 
ground-state superhyperfine resonance.
All of the unusual features are satisfactorily explained as being the result of hyperfine 
interactions between the associated crystal-field levels, and the strength of interactions are
determined.
( ix)
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1Chapter 1
Introduction
This thesis concerns high resolution laser spectroscopic investigations of two high symmetry 
impurity centres of trivalent holmium ions (Ho3+) in calcium fluoride (CaK,) crystals. In this 
thesis, high resolution techniques will be referred to as methods for which the experimental 
resolution is less than the inhomogeneous linewidths of the electronic transitions (see Sec. 1.2). 
Holmium is one of the elements in the lanthanide series of the periodic table. The elements in 
this series are also known as rare earths (RE). Their electronic configurations are characterised 
by the common feature of a xenon electronic structure ([Xe] = Is 2s 2p 3s 3p 3d 
4s24p64d10 5s25p6) with two or three outer electrons (6s2 or 5d 6s2) and the progressive filling 
of the 'inner' 4fN shell. For the holmium atom, which has an atomic number of 67, the 
electronic configuration is [Xe] 4f 6s (Wyboume 1965); and the naturally abundant isotope 
165H o has a nuclear spin I = .^ In the solid state, the rare earths are usually found in the 
trivalent state (RE3+). In the case of holmium, the 6s2 outer electrons and a further 4f electron 
are removed in the chemical bonding leaving the ion in a trivalent state with electronic 
configuration [Xe] 4f10. As a result of the so-called lanthanide contraction, the 4fN electrons of 
the rare-earth ions are shielded from the external environment by two closed electronic shells 
with larger radial extension (5s 5p ) and therefore, when introduced into a crystal, are only 
weakly perturbed by the so-called crystal field produced by the charge distribution in the 
crystal. This explains the most impressive feature about the spectra of rare-earth ions in ionic 
crystals — the sharpness (< 1 cm '1) of many spectral lines in the emission and absorption 
spectra (Hüfner 1978, Macfarlane and Shelby 1987, and Macfarlane 1992).
21.1 Holmium Doped Calcium Fluoride Crystals
The structure of pure calcium fluoride (CaF2) crystals is cubic (Oh space group) with Ca2+ ions 
at the centres of alternate cubes of F" ions so that the Ca2+ ion is at a site of cubic point 
symmetry and is coordinated to eight F  ions (Fig. 1.1). The large forbidden energy band-gap of 
12.2 eV (~ 105 cm '1) prevents any absorption of visible light resulting in the crystal being 
transparent. Lattice defects with energy levels in the band-gap can, however, cause selective 
absorption of visible light. Measurements of the distribution of electrons in CaF2 show that the 
crystal consists of well-defined ions with a low electronic density between them (Hodby 1974). 
The electrons are tightly bound to the ions resulting in an electronic insulator. Most of the 
electrical and optical properties observed in CaF2 are, therefore, influenced or dominated by 
impurity ions and lattice defects.
Figure 1.1 The lattice structure of CaF2 crystals. For clarity, the F  ions (crystal radius = 
1.33 Ä) are drawn smaller than the Ca2+ ion (crystal radius = 0.94 Ä). 'a' is 
the lattice constant for the conventional cubic unit cell, being 5.4629 Ä at room 
temperature (Hodby 1974).
3When the calcium fluoride crystals are grown with the rare-earth fluoride (in this case HoF3) 
dopant, the trivalent rare-earth ions (RE3+) substitute for the divalent calcium ions (Ca2+) at 
alternate body centres of the cubic array of fluorines. To preserve overall electrical neutrality, 
the incorporation, somewhere in the crystal, of an additional negative compensating charge is 
required. Several charge compensation mechanisms have been found in CaF^ which depend 
upon the growth conditions, impurity concentrations and thermal treatments of the sample. The 
resulting crystals normally contain more than one type of optically active centres and, as a 
result, the associated emission or absorption spectra can be quite complex and may actually 
overlap each other. The established technique of selective laser excitation (Tallant and Wright 
1975) can be, and has been, used to separate out the spectra of the various centres.
In oxygen-free CaF2 crystals, charge compensation is likely to be achieved by having the 
excess F  ions at nearby interstitial sites. The effective positive charge at the site of the RE3+ ion 
will attract the compensating negative charge of the interstitial F  ion and, when the crystal is 
grown at a sufficiently slow rate, this attraction will result in local charge compensation centres. 
The presence of an interstitial F  ion close to the RE3+ ion lowers the symmetry of the RE3+ site 
and distorts its environment. The interstitial F  ion may also be remote from the RE3+ ions 
leaving some of the RE3+ ions at local sites of cubic symmetry. Two or more RE3+ ions may 
also aggregate within the near neighbourhood of each other thus forming the so-called cluster 
centres. The different crystalline environment experienced by the RE3+ ion in each symmetry 
lifts the orbital degeneracy of the free-ion energy levels. A degenerate free-ion energy level may 
be split into several levels in the order of tens to hundreds of cm"1 around the original free-ion 
level.
During the last twenty five years, extensive research has been undertaken to find and identify 
impurity centres in CaF2. For the holmium doped calcium fluoride crystals (CaF2: Ho3+), two 
dominant single Ho3+ centres, labelled A and B, have been firstly identified by selective laser 
excitation (Seelbinder and Wright 1979) and recently confirmed by polarization measurements 
(Mujaji et al. 1992). The structure of the A and B centres are as follows:
4(a) A centre: The Ho3+ ion associates with a F  ion at one of the six nearest interstitial sites, 
the resulting symmetry at the Ho3+ site is tetragonal (C4 ) with the symmetry axis along 
the (001) direction, Fig. 1.2(a).
~ : i
(b) B centre: The Ho^+ ion associates with a F  ion at one of the eight next nearest interstitial 
sites, the Ho3+ ion is in a site of trigonal C3y symmetry with the symmetry axis along the 
(111) direction, Fig. 1.2(b).
(a) (b)
Figure 1.2 The C4v (a) and C3y(b) centres of Ho3+ ions in CaF2.
Emission and absorption spectra of Ho3+ doped CaF2 have been studied extensively (Mujaji et 
al 1992, and references therein). The energy level structure of the various multiplets for the 
Ho'+ ion in CaF2 is shown in Fig. 1.3, where the LSJ labelling conventions are used for the 
multiplets, and the thickness of the energy bands represents the energy range of the crystal-field 
levels within a multiplet. Only the optical transitions between crystal-field levels within the 
ground 5Ig and the excited 5F5 multiplets will be studied in this thesis.
5Energy 
( x  1000 cm 1)
26 —
(a) (b)
Figure 1.3 Energy level structure of Ho3+ in CaF, adapted from Mujaji et al.( 1992):
(a) C4v (A) centre and (b) C3v (B) centre.
61.2 Homogeneous and Inhomogeneous Broadening
In addition to the problem of separating out the spectra of various types of impurity centres, a 
different problem in resolving overlapping spectra arises when impurities of the same type 
experience slightly different environments at different locations in the crystal. This leads to 
inhomogeneous broadening of the emission and absorption lines which obscures important 
information -  such as the homogeneous linewidth, hyperfine and superhyperfine structures, 
and ion-pair interactions -  and necessitates the use of high-resolution techniques to extract any 
useful information. Several experimental techniques in both the frequency and time domains 
have been developed to eliminate the effects of inhomogeneous broadening which often 
dominate spectral linewidths in solids at low temperatures. As a result of these developments, it 
is now possible for many new effects to be studied, including novel hyperfine and 
superhyperfine structures which is the emphasis of the work presented in this thesis (see for 
example Macfarlane and Shelby 1987, Macfarlane 1992).
At low temperatures, the electronic transition of each isolated optically active centre is 
characterized by an intrinsic (homogeneous) linewidth Th determined by the optical dephasing 
time T?,
The optical dephasing time T2 is related to the excited-state lifetime (radiative lifetime or
t
population decay time) T t and pure dephasing time T2 (the average time interval during which 
the coherence of the excited states is destroyed) by (Macfarlane 1987)
Even at liquid helium temperatures where the phonon contributions can be neglected, the 
homogeneous linewidth of the optical transitions of rare-earth ions in crystals was found to be 
dominated by pure dephasing processes (see for example the review by Macfarlane and Shelby 
1987). The dominant low temperature optical dephasing mechanism is the coupling between the 
large local magnetic field associated with the electronic moment or the enhanced nuclear moment 
of the rare-earth ion and the surrounding nuclear spins (Macfarlane 1987).
2
( 1.2)
7Optical spectral lines associated with individual centres in solids can have very small 
homogeneous widths. At liquid helium temperatures, the widths of the spectral lines is 
substantially less than at higher temperatures. However, the linewidths observed in normal 
absorption measurements are typically much larger than the expected homogeneous linewidths. 
For example, in the tetragonal C4v centre of Pr3+ in CaF2 at 2 K, the optical dephasing time of 
720 nsec (measured by optical free induction decay experiments) for the 3H4{E(0 cm '1)} <-> 
!D2{ A j( 16827.6 cm '1)} optical transition is expected to limit the width giving values of 440 
kHz (Macfarlane and Shelby 1987). However, the actual observed linewidth of the transition is 
600 MHz which is about 3 orders of magnitude larger than the expected homogeneous width. 
In this Pr3+ centre, the excited-state lifetime (Tj) was measured to be 506 fisec, corresponding 
to a linewidth of 0.3 kHz.
The energy levels of a particular impurity ion in solids are influenced by the crystal field -  an 
inhomogeneous electrostatic field generated by the charge distribution within the crystal. Small 
variations in the environment of each ion, due to the so-called static lattice strains inherent in all 
crystals as they are crystallized at finite temperatures, causes the crystal field to vary from ion to 
ion. This causes a spread in frequency of the separate homogeneous spectral lines, Fig. 1.4. It is 
generally assumed that the statistical distribution of resonance frequencies of the impurity 
centres, due to variation in local environment, causes the Gaussian distribution. The 
experimentally observed spectral line consists, therefore, of a distribution of homogeneous lines 
which is necessarily broader than the individual lines and termed 'inhomogeneously 
broadened'. The inhomogeneous linewidth, r inh, is associated with the envelope of a Gaussian 
distribution of homogeneously broadened transitions of Lorentzian lineshape (of width Th). 
Impurities and other lattice defects contribute to the local lattice strains, resulting in a residual 
inhomogeneous linewidth of, typically, several GHz in crystals and up to hundreds of cm '1 in 
glasses. This large residual linewidth eliminates much of the real structure in the spectrum. As a 
result, during the classical (pre-laser) period of rare-earth ion spectroscopy, most of the 
emphasis was on the understanding of the energy level structure and rather little attention was 
paid to linewidths.
8frequency
Figure 1.4 Schematic illustration of an inhomogeneous broadened spectral line of width 
r mh formed from the envelope of the much narrower homogeneous packets of 
width r h.
With the advent of tunable narrow band laser, the situation has changed dramatically, and it is 
now possible to overcome the problem due to large residual inhomogeneous linewidths. For 
example, in the so-called fluorescence line narrowing (FLN) techniques, a high-resolution laser 
with a linewidth smaller than the inhomogeneous broadening is used to pump only a small 
fraction of the absorption lines and thus selectively excite centres with an identical environment. 
Sinqe only the selected centres will emit, this results in a narrowed emission line. In the ideal 
case, where the linewidth of the laser is much smaller than the homogeneous linewidth of the 
pumped centres, the observed emission line will be homogeneous. If a continuous-wave (cw) 
laser is employed for excitation, then the energy may migrate from the originally excited centre 
to nearby centres with different transition energies (spectral diffusion) and, thus, broaden the 
spectral line.
91.3 Hyperfine and Superhyperfine Interactions
In addition to the homogeneous and inhomogeneous broadening, unresolved hyperfine and 
superhyperfine structures can lead to broadening of the spectral lines. Hyperfine interactions, in 
particular, play a very important role in the high resolution spectroscopy of rare-earth ions 
because they give rise to resolvable structure observed in several systems such as LaCl3: Ho3+ 
(Dieke and Pandey 1964), [Y(C2H5S 04)3-9H20]: Ho3+ (Hellwege et al. 1967), CaF2: Pr3+ 
(Macfarlane et al. 1981), and CaF2: Ho3+ (Martin et al. 1992, Boonyarith et al. 1993). In this 
thesis, it will be shown that the hyperfine interaction between the holmium nucleus and the 4f 
electrons is responsible for several unusual features observed in the two high symmetry centres 
of Ho3+ ions in the CaF2 crystals. These features include:
(i) for the CaF2: Ho3+ C4v (A) centre:
(a) the observation of nominally group-theoretically electric-dipole forbidden transitions 
(Sec.4.2),
(b) the unusual lineshape of the optical transitions between two ground-state electronic 
singlets and an excited-state electronic doublet (Sec.5.1),
(c) the hyperfine dependence of the observed superhyperfine resonances and the 
anomalously large splitting of the superhyperfine resonances associated with the 
HoJ+ m = ± | hyperfine levels (Secs.5.6 and 5.7);
(ii) for the CaF2: Ho3+ C3v (B) centre:
(a) the presence of the extra optical hyperfine lines observed in the optical transitions 
between ground-state electronic doublet and two excited-state electronic doublets 
(Sec.6.1),
(b) the hyperfine dependence of the separation within the observed doublet-structured 
superhyperfine resonances (Sec.6.9).
10
1.4 Outline of Thesis
This thesis details studies of two high symmetry Ho3+ centres, C4v (A) and C3v (B), in CaR, 
crystals by high resolution laser spectroscopic techniques. In Chapter 2, an introduction to the 
theory of electronic and magnetic interactions of the rare-earth ions in solids is given. The 
experimental techniques used to investigate these interactions are described in Chapter 3. 
Chapter 4 presents the results of the low resolution experiments which confirm the previous 
assignments of two dominant single Ho3+ centres as having C4v and C3v symmetries and form 
the basis for the high resolution studies. The results and the analysis of the high resolution 
experiments performed on the CaR,: Ho3+ C4y (A) and CaF2: Ho3+ C3v (B) centres, which 
form the major part of this thesis, are presented in Chapters 5 and 6, respectively. Chapter 7 
then summarizes the results.
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Chapter 2
Theoretical Background
The impurity-ion spectra of trivalent rare-earth ions in transparent materials has long been 
characterized by a series of sharp spectral lines (< 1 cm'1) associated with the optical transitions 
within the 4fN configuration. The sharp spectral lines are due to the fact that the 4f electrons are 
not the outermost ones but are 'shielded' from the crystalline environment by two closed- 
electronic shells with larger radial extension (5s 5p ). As a result of this shielding, the 4f 
electrons are only mildly perturbed by the effects of crystal field, lattice phonons, and static 
strain field. Many of the solid state, and hence spectroscopic, properties can, therefore, be 
understood from the consideration of perturbed free ions. A treatment of the effect of the crystal 
field on rare-earth ions has been given in many texts (see for example Wyboume 1965, Dieke 
1968, Abragam and Bleaney 1970, Hüfner 1978, Morrison and Leavitt 1982). For 
completeness, an outline appropriate for Ho3+ ions is given in the next two sections.
2.1 Energy Levels of Free Trivalent Rare-Earth Ions
Since, for trivalent rare-earth ions, all the electronic shells (except the 4f shell) are spherically 
symmetric, their effect on all the 4f energy levels is the same in first order. The Hamiltonian that 
determines the 4f energy levels can be written as:
H
free ion
coosj.r, (2 . 1)
where N is the number of 4f electrons and Z e is the screened charge of the rare-earth nucleus, 
^(rj) is the spin-orbit coupling function,
12
where U(rj) is the potential in which the ith electron is moving. The first two terms, which 
represent respectively the total kinetic and potential energies of the 4fN electrons in the field of 
the nucleus, are spherically symmetric and, therefore, do not affect the energy level structure 
within the 4fN configuration. Major features of the 4fN configuration are determined by the last 
two terms, which are, respectively, the repulsive Coulomb interaction between the 4f-electrons 
(Hc ) and the spin-orbit interaction (Hs0).
In rare-earth ions, H c and H so are of comparable magnitude. Hence, in calculating the 4f 
energy levels, it is necessary to perform the so-called 'intermediate' coupling calculation 
whereby H c and H so are simultaneously diagonalized. The matrix elements of H c and H so 
are first calculated in a well-defined coupling scheme, usually the Russell-Saunders (LS) 
coupling wherein the states are labelled by specifying their tSLJM quantum numbersf The 
Hamiltonian matrix is then diagonalized for the specific 4fN configuration.
The repulsive Coulomb interaction (H c ) commutes with the angular momentum operators 
corresponding to Ü 2, S?2, J ,  and Jz. Hence, its matrix elements are diagonal in L and S (but 
not necessarily in x) and independent of J and M. The spin-orbit interaction (Hso), on the other 
hand, commutes with J 2 and Jz but not with C 2 or i?2. As a result, the spin-orbit matrix 
elements are diagonal in J (and independent of M) but not diagonal in L and S. This leads to the 
coupling between states of the same J but different L and S values and, thus, the breaking down 
of the Russell-Saunders coupling scheme. The 2S+1L term is split into levels characterized by 
different values of J. The total energy matrix, with both the Coulomb and spin-orbit interactions 
considered, can be split up into submatrices for states with the same J. The eigenfunctions in
In Russell-Saunders (LS) coupling scheme, the orbital angular momenta (lj) of the electrons are
—> —>
vectorially coupled to give a resultant total orbital angular momentum L, and the spins (Sj) are coupled to 
—>
give a total spin S. These resultant angular momenta are then coupled to give a total angular momentum
—>
J. The quantum numbers L and S are said to define a term of the configuration. The symbol x stands for 
any other quantum numbers that are needed to define the states uniquely.
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the intermediate coupling scheme are, therefore, linear combination of states (terms) having 
different L and S but the same J, and the dominant 2S+1Lj term is usually used as the label for 
these eigenfunctions.
The matrix elements of the repulsive Coulomb interaction
(xSLJM|JC It'S'L'J'M') (2.3 a)
can be rewritten, by first expanding in terms of Legendre polynomials and then applying the 
spherical harmonic addition theorem, as (Wyboume 1965, Hüfner 1978)
N k
(tSLJMI H  I t'S'L'J'M') = X  e2 8 8 <*SL| X  C (i)*C (j)| x'SL>, (2.3 b)
k i < j r>
where (a) r< indicates the distance from the nucleus to the nearer electron; (b) r> the distance to 
the further away electron; (c) the Ck(i) = Ck(0|, (j)j) are the tensor operators of rank k whose 
2k+l components Ckq(0i, (J)^ , q = -k, ..., k, can be written in terms of the spherical harmonics
Ykq(®i’ fy) as
W *i>  = 7 ( ^ i )  V W  (24a)
and (d)
C ( i) .c ( j )  = X  (-l)qC. (0„ <(..)C. (0 , <().). (2.4 b)
k k “  kq 1 1 k-q j j
The repulsive Coulomb matrix elements within the 4fN configuration can be calculated by tensor 
operator techniques, and are normally written as a linear combination of the so-called Slater 
radial integrals Fk(4f, 4f),
E = X f f“(4f, 4 f ) , k (2.5)
where
Fk(4f, 4f) = e2J  dr R2f(r) 
0
J dr' R42f(r') (2 .6)
k is even, and fk's are the coefficients of the linear combination and represent the angular part of 
the interaction. Nielson and Koster (1963) have calculated and tabulated the repulsive Coulomb
14
matrix elements of all the states for pN, dN, and fN configurations. The numbers in the Nielson 
and Koster's tables are, however, given in terms of the new radial parameters Ek,
E = (2.7)
where the ek's are the angular parts of the new parameters. The ek and Ek can be expressed as 
linear combinations of the fk's and Fk,s respectively (Wyboume 1965).
The spin-orbit matrix elements can also be evaluated by using tensor formalist, and are give
by (Judd 1963),
(f^SLJM lH  | f NT’S 'L T M ’) =
x
(-D
J+L+S'
S S ’ 1 
L' L J
5 5
JJ' MM' *
(f* xSLllVn llfNT’S'L’),
where
6j-symbol
R4/r)  ?(r) dr
( 2 .8)
(2.9)
is the spin-orbit radial integral which is a constant for the states of a given configuration. The 
matrix elements of the operator Vj j for all the fN configurations have been tabulated by Nielson 
and Koster (1963), and the 6j-symbols can be found in the tables of Rotenberg et al (1959).
In an actual calculation of the energy levels for a given 4fN configuration, two approaches are 
possible. The four radial integrals for the repulsive Coulomb and spin-orbit interactions -  F , 
F4, F6, and -  may either be evaluated from the eigenfunctions or treated as free parameters 
that are adjusted to the experimentally observed energy levels. Due to the absence of reliable 
wavefunctions, it has been a tradition to treat the radial integrals as adjustable parameters.
Even when the radial integrals are treated as free adjustable parameters, the theoretical energy 
levels, obtained by diagonalizing the combined repulsive Coulomb and spin-orbit interaction 
matrices for a particular 4fN configuration, frequently deviate by hundreds of wavenumbers 
from the experimental energy levels. To reduce these discrepancies, the following additional 
interactions have to be taken into account (Morrison and Leavitt 1982, Camall et at 1989):
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(a) Configuration interaction, H q  : This interaction arises from coupling between 
different configurations of the same parity by the repulsive Coulomb interaction. It can be 
put into parameter form with three two-body integrals, denoted by oc, ß, y, and six three- 
body integrals (for configurations of three or more equivalent 4f electrons), denoted by T2 
to T8 (Judd 1966);
« ci = {  a  L(L + 1) + ß G(G^) + Y G(R?) } + X  T‘ t. , (2.10)
i
where (a) G(G2) and G(R7) are the Casimir operators for the Lie groups G2 and R7, (b) 
the tj’s are operators that transform according to definite irreducible representations of G2 
and R7, and (c) the sum runs over i = 2, 3, 4, 6, 7, and 8 (the effect of t5 is completely 
absorbed by the radial parameter E associated with the Coulomb operator e2).
(b) Electrostatically correlated spin-orbit interaction, H ES0 : This interaction arises 
from the fact that, because of the configuration interaction, the spin-orbit coupling can no 
longer be described by a single parameter. The associated Hamiltonian can be written as
(Judd et al 1968)
( 2 . 11)
where the P are adjustable parameters; the pk’s are spin-dependent two-electron 
operators; and the sum runs over k = 2, 4, and 6.
(c) Relativistic interactions, H R: These additional magnetically correlated interactions, 
which include the spin-spin interaction and the spin-other-orbit interaction, can be 
parametrized in the form (Judd et al 1968)
= (2. 12)
k
where k has the values 0, 2, and 4; and
are the Marvin integrals (Marvin 1947).
(2.13)
In general, ^ "^^ ESO ~
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When all the interactions are taken into account, the free-ion spectra are described by 19 
parameters -  the three Fk, £4f, a, ß, y, six T\ three Pk, and three Mk -  as compared to the four 
parameters (three Fk and £4f) in the earlier simple approach where only the repulsive Coulomb 
and spin-orbit interactions are considered. The calculations of the energy levels are, therefore, 
considerably improved. In terms of wavefunctions, however, this sophisticated approach 
produces only small changes and, therefore, the intermediate coupling wavefunctions can 
generally be used in the crystal-field calculations.
2.2 Energy Levels of Trivalent Rare-Earth Ions in Solids
When the rare-earth ion is incorporated into a crystal, the ion experiences the crystal field -  an 
inhomogeneous electrostatic field produced by the charge distribution in the crystal. This crystal 
field distorts the charge distribution of the closed electronic shells. It also removes, to a certain 
degree depending on the symmetry about the ion, the (2J + 1) degeneracy of the 4f Lj free- 
ion terms. Due to the lanthanide contraction, the 4f electrons of a rare-earth ion are sufficiently 
localized that the splitting of the free-ion terms, produced by placing the ion in a crystal, is 
smaller than the energy separation of the various free-ion terms. An understanding of the 
crystal-field splitting can, therefore, be obtained by applying the crystal-field Hamiltonian on 
the free-ion 4f wavefunctions.
The crystal-field Hamiltonian (Hcf) can be expressed as summations over products of a radial 
function and an angular function (Wyboume 1965, Hüfner 1978);
- i . j j j f g ?
‘ -  1 i ~ 1 crystal i
-  I  e J J J  (-Dq p (R) c <e.. ♦.) c (0 . 0 ) ^ dx
k, q, l crystal r>
£k, q, l (2.14)
where (a) e is the electronic charge, (b) (p(i*j) is the crystal potential at the site of the ith 4f
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electron located at r{ = (q, 0j, ty), (c) p(R) is the crystal charge density, (d) Ckq(0, <j>) are the 
tensor operators, and (e)
are the so-called crystal-field parameters. All the radial integrals, that are difficult to obtain 
precisely are absorbed into the crystal-field parameters Bkq.
In the energy level calculations, only the terms of even k need to be considered. This arises 
from the fact that (a) the matrix elements of the odd k terms between states within the same 
electronic configuration (having the same parity) are zero, and (b) the energy separations 
between different electronic configurations (which may have the same or different parity) are 
usually so large that the couplings between states from different configurations can be 
neglected.§ Also, since only the 4fN configuration will be considered, k is limited, by the 
triangular condition for the evaluation of matrix elements, up to a value of 6. The number of 
terms that need to be considered is further restricted by the point-group symmetry of the site 
occupied by the rare earth ion, since the Hamiltonian must be invariant under all operations of 
the point-group symmetry.
Since H cf is an electrical interaction and, therefore, cannot act on the electronic spin, the crystal- 
field matrix elements are diagonal in S. Using the tensor operator technique, the matrix elements 
of the crystal-field Hamiltonian (Hcf) can be expressed as (Wyboume 1965, Hüfner 1978)
The odd k terms, however, play a significant role in the intensity calculations. This is because the 
observed transitions between states within the same 4f^ configurations are found experimentally to have 
electric dipole character. Since electric dipole transitions are allowed only between states of opposite parity 
(because the electric dipole moment has odd parity), there must be the mixing of states of opposite parity 
from another configurations which can occur via the presence of the odd k terms in the crystal-field 
Hamiltonian (Judd 1962, Ofelt 1962).
crystal
(2.15)
>
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( f tSLJM|K | f NT'S'L'J'M') = X B, 8 ( f tSLJM|C (0„ 4>.)| f-c'S'L'J'M')
v l  Kt] o  J  KCj 1 1
Z j Bu 5 (-7)7(2J + 1) (2J‘ +1) (-1)
2J-M+S+L'+k
M kq SS'
( o  5 o ) ( - M  5 M ' ) [ l ' L s ]  (fNTSLHUkl l A ,S,L,) , (2.16)
3-j symbol 3-j symbol 6-j symbol
where the 3-j and 6-j symbols may be obtained from the tables of Rotenberg et al (1959), and 
the doubly reduced matrix elements of Uk can be found in the tables of Nielson and Koster 
(1963).
The crystal field, therefore, not only removes the (2J+1) degeneracy of the Lj terms, but 
also causes the mixing between states of different J (the so-called J-mixing) which can be 
important for close-lying free ions terms. As a result, J and M are no longer good quantum 
numbers, and linear combinations of |xSLJM) states are required to describe the crystal-field 
wavefunctions. These crystal-field wavefunctions necessarily transform as one of the 
irreducible representations of the point group appropriate for the rare-earth ion site. The latter 
can, therefore, be used as good quantum numbers to label the crystal-field levels. For order of 
magnitude calculations or for free ion terms which are well-separated from the others, the 
matrix elements between different J states can be neglected, and hence only the diagonal terms 
(in J) have to be calculated.
As, at present, it is almost impossible to reliably calculate the crystal-field parameters (Bkq), the 
crystal-field Hamiltonian is, therefore, used to parametrize the observed crystal field splitting in 
terms of the crystal-field parameters. Before including the crystal-field splitting, it is necessary 
to determine the free-ion parameters. The experimentally determined centres of gravity of the
? c  , 1
Lj terms are first fitted to the free ion Hamiltonian containing, as free parameters, the three 
Slater integrals (F2, F4, and F6) and the spin-orbit radial integral (Q. The experimental crystal- 
field energy levels are then analyzed by evaluating the matrix elements of Ckq, and treating the 
Bkq as adjustable parameters. Inclusion of the off-diagonal crystal-field matrix elements (in J) is 
essential in order to obtain a reasonable fit. The description of a measured spectrum in terms of
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only a few parameters is generally quite good (with the accuracy of the order of tens cm '1 or 
less). To obtain a better fit, all 19 parameters describing the free ion energy (see Sec.2.1) have 
to be incorporated into the fitting routine. Complete agreement, however, can never be achieved 
because the crystal-field Hamiltonian is only an approximate one.
In many instances, the description of a measured crystal field splitting is markedly improved if 
different sets of crystal-field parameters are used for different multiplets indicating that the 
charge distribution of the 4f electrons depends on the nature of the state. The 4f electrons can no 
longer be regarded as equivalent, and it is necessary to introduce two or more electron operators 
into the crystal-field Hamiltonian (Judd 1977, Reid 1987).
2.3 Crystal fields of C4V and C3v symmetries
For a site of C4v symmetry, the crystal-field Hamiltonian takes the form
H  (C ) = B C + B C + B (C +C ) + B C +B (c, + C ) (2.17)
where it is understood that the Ckq's are to be summed over all the 4f electrons of the 
configuration. The tensor operators Ckq, for which q is not zero, have only off-diagonal 
elements and, therefore, admix states having M differ by q. Neglecting the J-mixing the crystal- 
field wavefunctions are of the form
cm | J ,M),  (2.18)
where
/  , c2 =1 (normalization condition), (2.19)
M  
M
and the values of M are those with successive differences equal to q. For the ground 5I8 
multiplet of Ho3+ ion at the site of C4v symmetry, the general forms of the crystal-field
wavefunctions are
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5U C .  ):8 4v
A j singlet: a j { | 8,8) + | 8 ,-8)} + a ? { | 8,4) + | 8 ,-4)} + « 31 8,0)
\  singlet: ß j{ |8 ,8 ) -  | 8 ,-8 )} -+- ß2{ | 8,4) - | 8 ,-4)}
singlet: I 8,6) + | 8 ,-6 )} + * 2{ |8 ,2 )  + | 8 ,-2)}
B2 singlet: 5j { | 8,6) - | 8 ,-6 )} + S2( |8 ,2 ) -  | 8 ,-2)}
E doublet: ±  ^  | 8,+7) ± e | 8,+3) ± e | 8,±1) ± e | 8,±5)
The general forms of the C4v crystal-field wavefunctions for the excited 5F5 multiplet are
5F5(C
A j singlet: ^ { | 5,4) - | 5 ,-4)}
A 2 singlet: ^ { | 5 , 4 ) +  | 5 ,-4)} + ^ | 5 , 0 )
singlet: k { | 5,2) - | 5 ,-2 )}
singlet: X  { | 5,2) + | 5 ,-2 )}
E doublet: | 5,+3) + a | 5,±1) + a | 5,±5)
The C3v crystal-field Hamiltonian has the form
H  f( c  )
cf 3v B20C 20 + B40C40 + B43^C 43 " C4-3^
+ B 60C 60 + B 63^C 63 + C 6-3^ +  +  S f A
so that the general forms of the C3v crystal-field wavefunctions, neglecting J-mixing, are
(a) for the ground 5I8 multiplet:
■ A ! singlet: ^  { | 8,6} + | 8 ,-6 »  + i , {  18,3) - | 8 ,-3 »  + 8,0)
A  singlet: t { | 8,6) - | 8 ,-6)} + t  { | 8 ,3) + | 8 ,-3)}
5I (C ):
8 3v /  X. I 8,+8} ±  x  I 8,+5) + y I 8,+2) \
E doublet:
( -  X418,±1) + X jl 8,±4) ± x 6l 8,±7) J
(b) for the excited 5F5 multiplet:
5F,(C ): 
5 3v
A i singlet: a  { | 5,3) + | 5 ,-3 )}
\  singlet: X { { | 5,3) - | 5 ,-3 )} + X^  5,0)
E doublet: k  | 5,+5) ± k | 5,+2) + k | 5,±1) ± k4| 5,±4)
(2.20)
(2.21)
(2.22)
(2.23)
(2.24)
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In some cases, it is useful to regard a crystal field as being made up of components of 
decreasing symmetry. In the cases of rare-earth doped CaF9 crystals, as CaF0 has cubic 
structure, it is sometimes useful to consider the crystal field as having a predominantly cubic 
symmetry with a slight distortion to tetragonal (C4v) or trigonal (C3v) symmetry. For example, 
the C4v crystal-field Hamiltonian can be written as (Freeth and Jones 1982)
K  (C )
c f  4v
B {C + J t t (C + C )}  + B {C
A n  ^  A f \  \  \ A  \  A A  A A '  J  ^  (■ t ( C 64 +  C 6 - 4 ) }
+ B C + B C + B C , 
2A 20 4A 40 6A 60
(2.25)
where the first two terms represent the cubic crystal field for the case where the (100) cubic axis 
is chosen as the z-axis (Morrison 1988)
= »4CK +^ K +cJ }  + BJ c6 0 -J iK +cJ(2 -26>
and the remaining represents the axial perturbation. The crystal-field parameters in Eqn.(2.17) 
are linearly related to those in Eqn.(2.25) by
B B ; B
20 4A
B 1 ^ -  B ; B 5 44 ’ 4C ^ B5 44
B B +
60 7 B 64 ; and B 6C
(2.27)
Recently, Mujaji et al (1992) have carried out an crystal-field analysis of the CaF2: Ho3+ C4v 
centre by using the form of the crystal-field Hamiltonian that is invariant in the point-group 
symmetry reduction chain S 03 —> O —> D4 —> C4:
(2.28)
where the new parameters are related to the previous ones by the relationships
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(2.29 a) 
(2.29 b) 
(2.29 c) 
(2.29 d)
(2.29 e)
The crystal-field analysis of the CaF2: Ho3+ C3v centre has also been conducted by Mujaji et al 
(1992) using the crystal-field Hamiltonian that is invariant in the point-group symmetry 
reduction chain S03 —» O —> D3 —> C3 (Cockroft et al 1990):
(2.30)
where it is noted that for the case where the (111) axis is chosen as the z-axis the cubic crystal 
field is (Morrison 1988)
(2.31)
In this thesis, no attempt has been made in performing crystal-field analysis. Instead the results 
of crystal-field calculations performed by Mujaji (Mujaji et al 1992, Mujaji 1992) have been 
accepted.
23
2.4 Hyperfine Interactions
The main part of the work to be presented in this thesis involves the studies of the effects of 
hyperfine interactions. For this reason, the detailed review of the theory of these interactions 
will be given in this section (Abragam 1961, Wybourne 1965, Bleaney 1967, Abragam and 
Bleaney 1970, Bleaney 1972).
2.4.1 Hyperfine Interactions in Free Trivalent
For a free trivalent rare-earth ion, the Hamiltonian describing the magnetic interaction between 
the nuclear magnetic moment and the electronic magnetic moment can be written in the form
where (a) p n = gnp N I is the nuclear magnetic moment of the rare-earth ion, (b) gn is the
the magnetic field generated by the 4f electrons. The main contribution to the magnetic
Rare-Earth Ions
2.4.1.1 Magnetic Hyperfine Interaction
(2.32)
hyperfine field is that due to the orbital motion of the 4f electrons:
(2.33)
__^ .  L
where (a) jnB is the Bohr magneton, (b) 1 j is the orbital angular momentum of the i 4f 
electron, and (c) ^ is the ith electron - nucleus distance. The next contribution to the magnetic 
hyperfine field arises from the spin Sj of the 4f electrons:
(2.34)
The magnetic hyperfine field due to both the spin and orbital motion of the 4f electrons may 
therefore be expressed as
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3 (s. •?.)?.i i i
i
-2HB<r'3)4 fN ■ <2-35>
where it is assumed that all electrons in the 4f shell have the same value of (r'3)4f, and
N
3(s. •?.)?.i i i (2.36)
Note that does not go to infinity as q —> 0, because 4f electrons have zero probability of 
being found at the nucleus. Therefore, the magnetic electron-nuclear interaction arising from the 
spin and orbital contributions of the 4f shell may be written
H = - lT*H = - II •
M eff n
-2p (r 3) N = 2g \l p (r'3) f*N = a I*N , (2.37)
' 7 4f 6 n^N r RN 74f ’ v ’N B ' Mf
where
a = 2g Li Li (r~3) fen, Nr Rx 7 B ' Mf (2.38)
is a constant for all states of a given 4fN configuration. Since is a vector, provided that J* 
is a good quantum number, the Wigner-Eckart or Replacement theorem can be employed to 
relate to the total angular momentum 7  so that within the (a, S, L, J) manifold ( Elliott and 
Stevens 1953, Abragam and Bleaney 1970):
= (2-39) 
where N j is the replacement constant (Wyboume 1965),
*
1/2 r s  s  i i
<J IIN || J) =• 2 - g J + 2
14(2J + 1) 
J(J+ 1) aS L ||V (12)||fN aSL) L L 2 
J J 1
9-j symbol
= (aSLJ| L| aSLJ) + (aSLJ| S| aSLJ) , (2.40)
gj is the electronic Lande factor, (l^aSL || V^12) || ^ a ’S’L') is the reduced matrix element of the 
double tensor operator V^12\
(aSLJ| L| a ' S ’L'J) = 6 ,5 ,5 (aSLJ| L| aSLJ)
CXIX J u  L L
= 5 S 5 { 2 - g (aS L J)}
aa' SS’ L L 1 &V  J
(2.41)
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(diagonal in ocSL), and
(aS L J|S | oc'S'L'J)
14(2J + 1) 
J(J+  1)
1/2
aSL||V (12)||fN oc'S'L')
S
L
J
S'
L ’
J
1
2
1
(2.42)
The values of the 9-j symbols can be obtained by noting that the 9-j symbols can be written in 
terms of the 6-j symbols as (Rao and Rajeswari 1993)
a b c 
d e f 
g h i
(-1)2X (2x + 1)
a b c d e f ' g h i—
i
X b x h x a d
(2.43 a)
where
X <  X <  X 
min max Xmin= max ( I a ' ' I ’ I d - h I • I b - f | ) .
x v = min (a + i, d + h, b + f), (2.43 b)
and the values of 6-j symbols can be obtained from Rotenberg et al (1959).
The value of the reduced matrix element (fnaSLII V^12^ llfna'S 'L ') is related to those of the 
(i^aSL IIW12 II f^a'S'L') which have been recently tabulated (Tuszynski 1990) by
(f°ocSL II V(12) II f*1 a ’S’L') = (f"aSL IIW12 II f V s ’L’). (2.44)
Since all !Njj are positive, the significance of the negative sign in the Eqn.(2.39) is that is 
oppositely directed to the angular momentum vector 7  and, hence, has the same direction as the 
electronic magnetic moment p e = -gj|LiB J*. The magnetic hyperfine interaction arising from the 
spin and orbital contributions of the 4f shell may now be written
K  = - u «H
M r n eff
2u M (r'3) Ü *J = 2g |i Li N (r'3) I«J = A W  , (2.45)JJX ön^N^B JJN 74f J V y
-3 v r .
where T  is the nuclear spin, and Aj is the so-called magnetic hyperfine-structure constant 
which may be positive or negative
1/2 r s  s  i i
A = aN = a 4 J JJ 2 - g J + 2
14(2J + 1) 
J(J + 1)
(fNa S L IIV (12)HfNaS L ) L L 2 
_ J J 1.
a { (aSLJ| L| aSLJ) + (aSLJ| S| aSL J)} . (2.46)
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The value of Aj will usually require correction for the effects of intermediate coupling. The 
intermediate coupling value of L can be obtained simply by replacing the Lande g-factor by its 
intermediate coupling value. As the reduced matrix elements V(12) are not diagonal in the 
quantum number aSL, the calculation of the intermediate coupling value of S is more 
mathematically involved (see Sec.2.4.1.2).
The effects arising from the distortions of closed shells by the asymmetric charge distribution of 
the 4f shell, the so-called core polarization, can be taken into account by writing
A = (1 - R ) aN = 2g p (i N <r'3) (1 - R ), (2.47)J v My J Nr B r '4P NT v ’
where RM is the Stemheimer factor for the magnetic hyperfine interaction (Hüfner 1978). In 
principle, allowance should also be made for a contribution from relativistic effects, but these 
appear to be rather small.
2.4.1.2 Magnetic Hyperfine-Structure Constant of the 
Ground 5Ig and the Excited 5F5 Multiplets of 
the Free Ho3+ Ion
Ground multiplet: In LS-coupling scheme, the magnetic hyperfine-structure constant
Aj for the ground state (4f10 5I8) of free Ho3+ ion is
A ( 5V  = a { < 5l8|L| 5Ig> + < 5Igls l % >}
[2 2 l l 1
2 - g ( 5 Ig)
1 /------- s (12) c
+ j V l l 9  <5Ig HV ll5I8> 6 6 2
L 8 8 1 J J
= a { (2 -  f ) + = a (|§ -) = 0-7667 a . (2.48)
The intermediate-coupling wavefunction of the ground state (4f10 5Ig) of the free Ho3+ ion is
| 5I V = 0.9674| 5I ) + 0.1159|3Kl > -0 .2203|3K2 > (2.49)
8 8 8 8
(Mujaji 1992), and hence
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A^V = 2-*A'>
= 2 - {(0.9674)2gj(5Ig) + (0.1159)2gJ(3K lg) + (0.2203)2gJ(3K2g)}
= 2 - 1.2346 = 0.7654, (2.50)
and
' ( \ \ S \ \ ) '  = (0.9674)2<5I8|S |5I8> + (0.1159)2<3K18|S |3K18)
+ (0.2203)2(K 2  I SI 3K20) + 2(0.9674)(0.n59)(5I lS |  3K1 )
8 8 '  8 8 '
- 2(0.9674)(0.2203)(5I |S |3K2o) - 2(0.1159)(0.2203)(3K1 |S |3K2 )
8 8 8 8 /
= 0.0109. (2.51)
Therefore, in the intermediate coupling scheme,
A (5Ig) = a { ' ( 5I8|L | 5Ig)' + '< 5Ig|S| 5Ig)' I  = 0.7763 a . (2.52)
Using the previously established value of the magnetic hyperfine-structure constant for the 
ground state (4f10 5Ig) of the free Ho3+ ion of 812.1(10) MHz (Bleaney 1964), a is calculated 
in the intermediate coupling scheme to be 1046.1 MHz (compared with the value of 1059.3 
MHz estimated for the LS-coupling scheme).
Excited multiplet: The value of Aj in the LS-coupling scheme is
a A 5) = a { < 5s5iM 5f 5> + ( 5f 5isi 5f 5>}
= a ~  5 1 ’ 7 7 '
1/2 5 ( 12)  5
' 2  2 1'
2 - g , (  FS)J + 2 ~\5 < F5 IIV I F j )
3 3 2
5 5 1
= a I  [ 2 -  1.40] = 0.5667 a = 600.3 MHz. (2.53)
In the intermediate-coupling scheme, the wavefunction for a free Ho3+ ion in the 5F5 multiplet 
is given by (Mujaji 1992)
0.8946| 5F5) - 0.3158| 3G25) - 0.1823| 3G15) + 0.1628| 3G35)
+ 0.1348| 5y  - 0.1086| 5G5) . (2.54)
Hence
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(5f  | l i 5f  y = 2 - g (5f  ')\  5 I 1 5 '
=  2 - {(0.8946)2gj( ^  + (0J158)2gj(3G25) + (0.1823)2gj(3G l5)
+ (0.1628)2gj(3G35) + (0.1348)2gj(5I5) + (0.1086)2gj(5G5) }
= 2 - 1.3536 = 0.6464, (2.55)
(5F5|S |5F5)' = (0.8946)2(5F5|S |5F5) + (0.3158)2(3G25|S |3G25)
+ (0.1823)2(3G15| S| 3G15) + (0.1628)2(3G25| S| 3G25)
+ (0.1348)2<5I5| S| 5I5> + (0.1086)2<5G5| S| 5G5)
- 2(0.8946X0.3158)(5F51 S| 3G25) - 2(0.8946)(0.1823)(5F5| S| 3G15)
+ 2(0.8946)(0.1628)(5F5|S| 3G35) + 2(0.8946)(0.1348)<5F5| S| 5I5)
- 2(0.8946)(0.1086)(5F51 S |5G5) + 2(0.3158)(0.1823)<3G251 S| 3G15>
- 2(0.3158)(0.1628)<3G25|S |3G35) - 2(0.3158)(0.1348)<3G251 S| 5I5>
+ 2(0.3158)(0.1086)(3G251 S| 5G5> - 2(0.1823)(0.1628)(3G 1 | S| 3G35)
- 2(0.1823)(0.1348)(3G 151 S| 5y  + 2(0.1823)(0.1086)(3G 1 | S| 5G5>
+ 2(0.1628)(0.1348)(3G35|S |5I5> - 2(0.1628)(0.1086)(3G35| S| 5G5)
- 2(0.1348X0.1086)(5I51 S |5G5) = -  0.0162. (2.56)
That is,
Aj(5F5’) = a | , < 555|L | 5F5)’ + ’( 5F5|S| V .) ’ j = 0.6302 a = 659.3 MHz. (2.57)
The above results are summarized in the following table:
Free Ho3+ ion Aj(5I8) Aj(5F5)
previously reported value 812.1(10) MHz —
LS- Coupling 0.7667 a a = 1059.3 MHz 0.5667 a = 600.3 MHz
Intermediate Coupling 0.7763 a —> a = 1046.1 MHz 0.6302 a = 659.3 MHz
2.4.1.3 Quadrupole Hyperfine Interaction
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The Hamiltonian describing the electrostatic interaction between the nucleus and electron cloud 
may be expressed as (Abragam 1961, Abragam and Bleaney 1970)
electrostatic P„(r„) pe(re) d tnd te
nucleus-electron
T Te n
r - r  In e 1
QO' k ^= Z Z 1 jP„ff„)^Ckq(en, 0„)dTn ] X [(-l)qI pe(re) r f+1,ck q(8e, Pe)dXe ]
k=0 q=-k x
oo kZ Z 1 J { e Z 5(7,, - R )} r^c (0n, * n)dXn ] x
k=0 q^k X proton J 4
n
[<-DqJ{-e Z e^'^ el
X electron 
e
OO K __ZZ [Ze r"c  (0  ®)] x [ X (-e) r:<k+l>(-l)qC (0., 4,)]
k=0 q^k proton J M J J electron 4
oo k
(2.58)
k=0 q^-k
where (a) the small penetration of the electron inside the nucleus is neglected (i.e., it is assumed 
that re > rn); (b) pn( rn) and pe( re) are the nuclear and electron charge distributions,
Pn(?n) = e ^  ^ n  " ** ) and P ^  = ' e 21 %Xn - r.) ; (2.59)
proton J electron
(c) Ckq(0, (j>) are tensor operators defined in Eqn.(2.4); (d) Rj, 0j, d>j are the polar coordinates 
of the nucleons; (e) ri5 0j, are the polar coordinates of the electrons;
= z eR. C (0., O.)
kc* proton J k9 J J
(2.60)
are the nuclear operators; and (f)
V  Z (-e)r(tI+1>c (e .,0 .)
electron
(2.61)
$
are the electron operators, Bk being the complex conjugate of Bkq
^  x _,_-(k+D,®* = Z (-e)r;(k+l,c * ( 0 ..(|»i) = Z, ( - e ) V " " ( - l ) 'C  (e.,<t>.). (2.62)
^  electron 4 electron
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Parity considerations allow us to drop all the k-odd terms in the expansion (Wyboume 1965). 
The k = 0 term is just the Coulomb interaction between the electron and a point charge Ze and, 
hence, is of no interest in discussions of electron-nuclear interactions and may be ignored. The 
k = 2 term corresponds to the electric quadrupole interaction -  the electrostatic interaction 
between the nuclear quadrupole moment Q and the electric field gradient (EFG) tensor arising 
from the electrons -  which is usually at least an order of magnitude weaker than the magnetic 
hyperfine interaction:
2
X 1 *
H = X  yl B .
Q ^ 2
is called the nuclear quadrupole moment operator and B 
gradient at the nucleus: I
proton
e R2 C (0  , <&.),
J 2q j j
(2.63)
are related to the electric field
(2.64)
and \ = Z (-e>r:3C («,.♦,).
n electron
(2.65)
The components of »4-,q are
= e(3Z2 -R 2) = I ^ £ _ i { 3 I 2 - l ( l + l ) } ,
proton J J
(2.66 a)
■*2±. = T J p§ „  eZ/ Xj 1 iYP  = T W i )  J ( y ±  + V z )  } • (2.66 b)
and
I I  e(XJ ± iY.)2 = 1^ a_)Vü
proton
-  K ) ; (2.66 c)
where (a) the nuclear operators have been replaced by equivalent operators (Elliott and Stevens 
1953) formed from the components of the nuclear spin ? ;  (b) Xj, Yj, and Zj are the Cartesian 
coordinates of the nucleons; and (c) Q is the nuclear electric quadrupole moment. The 
components of B kq which represent the electric field at the nucleus are given by
B i  ^  e(3z? ~ f t  = i v
electron
2 zz’ (2.67 a)
B . = + , Hr
ez.(x. ±iy.)
■ 1 - *------- = + V ±iV ),
^  Y 7 V 7 / ’
electron
(2.67 b)
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and
2
nr ^  e(x ± iy )
®2±2 = V f  L  = T H  (V xx - Vyy1 2,v xy); (2 -67 c>electron r. °l
where Va ß = (32V/3a3ß)r_Q (a, ß = x, y, z) are the components of the electric field gradient 
tensor at the origin, which is traceless (i.e., satisfies Laplace equation):
V + V + V = 0 . (2.68)xx yy zz v '
The Hamiltonian for the electric quadrupole interaction can, therefore, be written
eQ
1(21-1)
1  l v zz { 3IZ2 -1(1 + 1) } + \  ( v xx - + I2)]
[v  (i I + I I ) + V (i I + I I ) + V (i I + I I )1L xyv x y yx^ yzv y z z y7 zxv z x x z ' J
(2.69)
If x, y, and z are the 'principal axes' of the electric field gradient tensor, then all off-diagonal 
components vanish and hence 
3eQ
Q 41(21-1) V z z h z - j K l + O l + K v ^ - V j l l ^  + I?}6 v xx yyy 1 + (2.70)
The quadrupole interaction arising from the 4f electrons of a RE ion can be written as 
f4f 3eQ
Q 41(21-1) v « { i2 . i . ( , + , ) } + i ( v : - v : ) { i i + i qi ( 4 [ . v 4f) { i 2 ’26 v XX yy2 l  A+ (2.71)
For a free RE ion with a 4fN configuration for which J is a good quantum number, the electron 
operators B2q representing the electric field gradient at the nucleus, due to the 4f electrons, can 
be rewritten in terms of equivalent operators involving the total angular momentum operator 
(Bleaney 1972):
e ( 3 z ^ )
2 0 - 2  £  r5 VQ- e<ro3)4fa ; i {3JV J ( J + l T
(2.72 a)
b2±1= + J  I
ez.(x. ± y.)
i=l r.
1  e <rQ>4ftXJ > / l  {y(V± + V z ) f  (2.72 b)
and
(2.72 c)
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where (a)
<rQ>4f = ( 1 - V < r' 3)4f (273)
is the mean inverse cube of the 4f electron distance from the nucleus, taking into account the 
Sternheimer screening effect of the closed shells; (b) Rq is the Sternheimer factor for the 
quadrupole hyperfine interaction; and (c) OCj is the so-called Stevens constant. Comparison 
between Eqns.(2.67 a-c) and (2.72 a-c) gives
V4f =-e(r^> a  {3J2 -J(J + 1)}zz x Q '4 f  J 1 z J (2.74)
and
V4f - V4f = - ( i ) e ( r - 3) a  { j2 + j2 } .
** yy V 2 /  x Q'4f J 1 + ' J
The quadrupole interaction arising from the 4f electrons can therefore be written as
(2.75)
3e2Q(r’3) 
v x  Q'4f
41(21- 1) a j
{3Jz - j ( j  + l ) } { l z - i l ( l + l ) }
{ 3 j 72 - j ( j + l ) } { l 2 4 l ( l + l ) }  + i { j % j 2 } { f +  I2 } (2.76)
where
P
4f
3e2Q<rQ>4f
----------—  a  .
4 1(21-1) J
(2.77)
2.4.2 Hyperfine Interactions in Trivalent Rare-Earth Ions 
in Crystals
When a rare-earth ion is embedded in an insulating crystal, the rare-earth nucleus interacts not 
only with the electrons of its parent ion, but also with the electric and magnetic fields set up by 
neighbouring ions. This leads not only to the modification of the intra-ionic interactions, but 
also the additional interactions arising from extra-ionic sources. The Hamiltonian describing the 
interactions between rare-earth ions and the crystalline electric field can be separated into two 
parts
latt
H  + r t  .
cf Q
electrostatic
ion-lattice
(2.78)
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where H cf, the so-called crystal-field Hamiltonian, represents the interaction between the rare- 
earth 4f electrons and the crystalline electric field (Sec.2.2); and H q11 represents the interaction 
between the rare-earth nuclear quadrupole moment and the crystalline electric field. H cf is the 
dominant interaction, and, as has been discussed in Sec.2.2, its primary effect on any manifold 
of levels of a 4fN free ion is to raise the 2J+1 degeneracy, giving a set of crystal-field levels 
with an overall splitting of a few hundred cm '1. The separation between successive crystal field 
levels is typically 10 cm’1 or more.
The interactions between rare-earth ions and the crystalline magnetic field, generated by host 
lattice nuclei, are usually referred to as superhyperfine interactions. These interactions are 
generally very weak (up to 30 MHz) and will be considered separately in the next section.
The hyperfine structure of rare-earth ions in a variety of crystals has been extensively studied 
using electron paramagnetic resonance (EPR) and electron-nuclear double resonance (ENDOR) 
methods, and the hyperfine parameters for all tripositive rare-earth ions are known with fair 
accuracy (Anderson 1974, Baker 1974, Bleaney 1988). The results of these studies are usually 
expressed in terms of a spin Hamiltonian by the introduction of a fictitious or effective spin and 
taking into account the effect of anisotropy by allowing the associated parameters (such as gj 
and Aj) to become tensors. For example, in EPR, an isolated doublet is conventionally treated 
as having 'effective spin' S = ^ . As pointed out by Wyboume (1962), “such a treatment, while 
tremendously simplifying, frequently obscures the important features of paramagnetic 
resonances”. In the case where all the matrix elements of the electrostatic, spin-orbit, crystal- 
field, and hyperfine interactions can be calculated in terms of the quantum numbers ocSLJJzIIz, 
“it is preferable to calculate the hyperfine structures in terms of the actual quantum numbers 
involved rather than the more usual spin Hamiltonians (Wyboume 1962)”.
Because of the so-called J-mixing caused by the crystal field (Sec.2.2), J is no longer a good 
quantum number, and hence, strictly speaking, the magnetic hyperfine interaction of rare-earth 
ion in crystal can no longer be represented by A jJ*[E qn.(2 .45)]. Fortunately, such a mixing 
is in general small enough for the effect of crystal field in upsetting Eqn.(2.45) to be treated as 
correction terms in Aj (Bleaney 1964). The Hamiltonian describing the magnetic hyperfine
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interaction for the rare-earth ion in crystal can, therefore, still be written as
K  (solid) = A,J.t, (2.79)
M J
where it is understood that Aj now contains the correction terms for the effects of J-mixing.
When a RE ion is introduced into a crystal at a site of less than cubic symmetry, the RE nucleus 
will also experience the non-zero electric field gradients generated by the charge distribution in 
the crystal. The electrostatic interaction between the nuclear quadrupole moment Q and the 
electric field gradient tensor arising from the lattice Va ß (a , ß = x, y, z) may be written, in the 
principal axes of the Va ß -tensor, as 
latt
, (2.80)
Q 41(21 - 1) v " ,oo/ [ 'zz i-z  3 v /J  6 N xx yy 
where the multiplication factor (1 - y^) is introduced in order to take into account the so-called 
Stemheimer antishielding effect which arises from closed-shell distortions. For the rare-earth 
ions, the Stemheimer antishielding factor y^ is estimated to be approximately - 75 (Watson and 
Freeman 1967).
1 o f J  « « •  • .
In its origin, the lattice electric field gradient Vaß at the nucleus is identical with that which,
1 ättacting on the 4f electrons, produces the crystal field terms of the second degree. Vaß can, 
therefore, be related to the crystal field parameters Bkci:
Vattzz
latt
<r2)4f0 - a 2) ’
(2.81)
and!
• r - v 1“  - re(•“ .» “ ) .
< r  >4 f u - < y
(2.82)
where (r2)4f( 1 - a 2) is the mean square radius of the 4f electrons allowing for the screening
effect of the other electrons.
1 lattIn the principal axes o f Va ß - tensor,
(a  *  ß) = 0, and hence
latt latt
V - V xx yy
B2±2
<r2>4f(1 - °2>
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It should be noted that although the principal axes of the -tensor and of the - tensor are 
in general different, they do coincide in cases of axial or higher symmetry (Macfarlane and 
Shelby 1987). Moreover, for axial symmetry,
and V1^  = v latt xx yy ’ (2.83)
and, as the work presented in this thesis involves two axial centres, the appropriate total nuclear 
quadrupole Hamiltonian can be written as
where
and
H^(axial centre) = P4f{3Jz2 - j ( j + l ) } + P|att { £ - ± l ( l + l ) } .
3e2Q<rQ>4f
----7— ~~r" OC41(21-1) J
3e2Q<r-3)4f( l - R Q) 
4 1(21- 1) V
(2.84)
(2.85)
v l r o - y jlatt “ 41(21- 1) zz 41(21-1)
2B20( ' - ^ )
( 2 .86)
As the magnitude of the splittings arising from the nuclear quadrupole interaction (~ 0-50 MHz) 
is normally much smaller than the separation between crystal field levels (typically in the order
of 10 - 100 cm '1), H q1 is usually approximated to the first order as
*Q - P4f<3Jz-J(,+ 1)>{lz2-JI(I+0}. (2.87)
so that
H^(axial centre) P4f<3J2 - J( j + l)> + PlaJ { l 2 4 l ( l + l )}
p { i2 - } i( i + i )} , ( 2 .88)
where
p s  p 6 j2 - j ( j + i ) )  + p ,
4 f '  z v ' '  latt
(2.89)
is the effective quadrupole parameter.
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2.5 Superhyperfine Interactions
The magnetic interaction between the rare-earth ion and the host lattice nuclei is called 
superhyperfine interaction. In the case of trivalent holmium (Ho3+) ions in an insulating CaF-> 
crystal, the Hamiltonian describing the superhyperfine interactions between the Ho3+ ion and its 
neighbouring fluorine nuclei can be written as (Ranon and Hyde 1966, Baker et al 1968)
superhyperfine
electronic nuclear
H  + H
superhyperfine superhyperfine
= J#a + jL j t*d *F ,
" T “  l l * 7 *  l ll l
(2.90)
electronic
where (a) the summation is over all the neighbouring fluorines; (b) H  represents the
superhyperfine
interaction between the electronic magnetic moment of the Ho3+ ion and the fluorine
nuclear
nuclear moment ( ° c  F ;); (c) H  , describes the magnetic interaction between the
1 superhyperfine
nuclear moment of the Ho3+ ion («= T*) and the fluorine nuclear moment (°c if.); and (d) and 
dj are respectively the electronic and nuclear superhyperfine tensors associated with the ith 
fluorine. The term J • a i«Fti (and hence the electronic superhyperfine tensor aj), particularly for 
the nearest neighbours, can contain both dipolar and non-dipolar contributions (Baker 1974). 
The latter contribution, which is difficult to calculate, arises from the overlapping between the 
electron clouds of the rare-earth ion and the neighbouring ions. For this reason, a4 is normally 
treated as a parameter to be determined from the experiments. On the other hand, the nuclear
superhyperfine interaction T»dj»F^ can always be treated as a dipole-dipole interaction. Since
nuclear electronic
H _ is generally much smaller than H  , the superhyperfine resonances are
superhyperfine superhyperfine
electronic
determined mainly by H  „ ,which is also known as the transferred hyperfine
superhyperfine
interaction.
If the fluorine-fluorine interaction
H  = XF -F  “
i j
F *b *F ,
i ij J
(2.91)
which can always be treated as a dipole-dipole interaction and is expected to be very smalF, is
At liquid helium temperature for which the F - F’ separation in CaF2  is 2.7178 Ä (Batchelder and 
Simmons 1964), the magnitude o f a classical dipole-dipole interaction is estimated to be 2.65 kHz, and
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neglected, then there is no matrix elements connecting the different fluorine nuclear spins and, 
hence, each component in the sum in Eqn.(2.90) can be treated separately (Ranon and Hyde 
1966, Baker et al 1968).
The interaction between Ho3+ ion and neighbouring F' ions introduces additional preferred 
directions in space and this complicates the determination of superhyperfine splittings. 
However, for the neighbouring fluorine ion located at the site which has axial symmetry about 
its 'bond' axis (the line joining between Ho3+ and F  nuclei), the associated superhyperfine 
tensors, a and d, will be diagonal in the 'primed' coordinate system (x', y', z'), where the z' 
axis lies along the bond direction, and will have axial symmetry in this system (Ranon and 
Hyde 1966, Abragam and Bleaney 1970). The neighbouring fluorines which have this axial 
symmetry property are the interstitial fluorine for the case of CaF2: Ho3+ C4v centres, and the 
on-axis fluorines for the CaF2: Ho3+ C3v centres. As the z' axis of these 'axial' fluorines 
coincides with the symmetry axis of the centre, the associated superhyperfine Hamiltonian will 
have the form
Ho-axial F electronic 3+ nuclear 3+
H  _ = H  (Ho - axial F ) + H  (Ho - axial F )
superhyperfine superhyperfine superhyperfine
= { V z F z+  \ ( J+F- + J-F J } + d { l2Fz - i ( l +F- + IF +)} . (2.91)
Expression for d: The Hamiltonian describing the dipolar interaction between Ho3+ and F
nuclear moments,
P  (Ho) = Y h X and p (F) = y  h F , (2.92)
n Ho n F
is given by (Goldman 1970)
dipolar ft
l  =  - T ^  
Ho-F 4 71
P  (Ho)«p (F) 3 (p  (Ho)*r) (p  (F)*r)
n n n H
P Ä y  y
J i ^ F ( A  + B + C + D + E + F) (2.93)
hence can lead to a small amount of line broadening only.
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where y is the nuclear magnetogyric ratio which is related to the nuclear g-factor (gn) by
and
gn^N
y h ’ (2.94)
= (r, 0, (j>) is the vector joining 1 and f  ,
A = ( l  - 3 cos20) IzFz, (2.95 a)
B = - | ( l  -3 c o s 20 ) ( l+F + IF +), (2.95 b)
C = - 1 cos0 sine e‘“1>([zF+ + FzI+), (2.95 c)
D = - ~  cos0 sin0 e+1<^ (lzF. + F J .) , (2.95 d)
I-, 3 . 2  -2i<DE = - — sin 0 e I+F+, (2.95 e)
„  3 . 2^ +2i* _
F = - 4 - s m 0 e  y I F .  4 ‘ ' (2.95 f)
For axial fluorines the terms C, D, E, and F vanish (since, for these fluorines, 0 = 0°). The 
expression for the parameter d in Eqn.(2.91) is therefore
d
h y y
'Ho 'F ( 1 - 3 — p - ( l  - 3 
2n r
(2.96)
Substituting h = 1.054 572 66 x 10*31 yHo = 5.4873 x 104 N p ,  and yF = 25.1662 x 104 
we obtain (a) for an interstitial F  ion in CaF2: Ho3+ C4v centre which has, at liquid 
helium temperatures under the assumption of undistorted CaF2 lattice (Batchelder and Simmons 
1964), r = (2.7178 Ä, 0, 0)
d(interstitial F  : C ) = - 2.31 kHz; (2.97)
4v
and (b) for the nearest axial fluorines in CaF2: Ho3+ C3v centre which has r = (2.3536 Ä, 0, 0) 
d(nearest axial F  : C ) = - 3.56 kHz. (2.98)
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Interpretation of an and a^: Following Ranon and Hyde (1966), by defining two new 
parameters
as = j  {a(| + 2a^}, (2.99 a)
and
ap = 3" { a„ '  ai  1 ’ (2" b)
the electronic superhyperfme interaction between a Ho3+ and an axial F' ions can be written in 
the form
H  k ^  (Ho - axial F ) = a J .F  + a { 3J F - J » F }. (2.100)
The first term, asJ • ? , is an isotropic term, whereas the second term, ap{ 3JZFZ - } , has
the form of a point dipolar interaction. However, as pointed out by Ranon and Hyde (1966), it 
is incorrect to make the physical interpretation that the Hamiltonian in Eqn.(2.100) is the sum of 
an isotropic interaction and a point dipolar interaction. As has been mentioned earlier, there are 
contributions to the electronic superhyperfme tensor (a) from both dipolar interaction and from 
overlap and covalency. To calculate the overlap parameters and to estimate the covalent 
contribution to a, precise knowledge of the Ho3+ wavefunctions and the F" displacements are 
required (Baker 1974). The calculation is further complicated by the fact that not only the Ho3+ 
4f-orbitals, but also the outer 5s- and 5p-orbitals may contribute substantially to the bonding. 
The ls-, 2s-, and 2p - orbitals of fluorine ligands may take part in the bonding (the electronic 
configuration of F' is Is 2s 2p ). The fluorine s- and p-wavefunctions may be admixed either 
through direct overlap and covalency between them and Ho3+ 4f-wavefunctions, or through 
overlap and covalent interaction with the outer 5s- and 5p-shells of the Ho3+ ion. The latter are 
subject to core polarization, due to exchange interaction with the 4f electrons, which has a 
tendency to produce a relatively large covalency contribution (Baker et al 1968, Baker 1974). 
The bonding through the fluorine s-orbitals is given by as; while, in addition to the dipolar 
interaction, ap should also account for the bonding through the other orbitals (Ranon and Hyde
1966).
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The pure dipolar contribution adip, on the other hand, can be easily calculated from the known 
g-value and crystal structure. The electronic magnetic moment of the Ho3+ ion can be expressed 
as
FT (Ho) = - g (Ho)u J = - - t  h i , (2.101)
e e B Ho
where (a) ge(Ho) is the electronic Lande factor, (b)
4 ,  = ^  ge(Ho> (2102)
is the electronic analogy of the nuclear magnetogyric ratio, and (c) p B is the Bohr magneton 
(9.2740154 x 10'24 J T"1). The expression for adip is, therefore,
y
H3o F ( 3 c o s 20 - 1 ) '  =  h  ' 2 4
4 tt
h ye y
Ho, F ( 3 c o s 2e - l ) > * . (2 .103)
l  r J [ 2 tc r  J
For the ground 5I8 multiplet, ge = 1.2346 (Mujaji 1992), and hence y^o = 1.08572 x 105 
The value of adip is estimated to be 4.569 MHz for the interstitial F  ion in CaF2: Ho3+ C4v 
centre, and 7.035 MHz for the two nearest axial F  ions in CaF2: Ho3+ C3v centre.
The superhyperfine interactions in several rare-earth doped fluoride crystals have been studied 
mostly by the electron-nuclear double resonance (ENDOR) technique (see for example the 
reviews by Anderson 1974, Baker 1974, and Bleaney 1988), and more recently by the 
optically-detected magnetic resonance (ODMR) technique (Burum et al 1982, Manson et al 
1992a, Martin et al 1992, Martin et al 1993a, Mujaji et al 1993). In this thesis the results of the 
studies of superhyperfine interactions in the two high symmetry centres, C4v and C3v, of Ho3+ 
in CaF2 by the ODMR technique will be reported.
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Chapter 3
Experimental Details
In this chapter, details of the samples and a general description of the experimental techniques 
used in this work are presented. This includes the crystal preparation and orientation (Sec.3.1), 
site-selective laser spectroscopy (Sec.3.2), spectral holeburning (Sec.3.3), two-laser 
holeburning experiments (Sec.3.4), optically-detected magnetic resonance (Sec.3.5), and 
Zeeman measurements (Sec.3.6).
3.1 Crystal Preparation and Orientation
Crystal Preparation: The CaF2: Ho3+(0.0005 mole %) crystals used in the experiments 
reported in this thesis were grown from the melt using the Bridgman-Stockbarger technique by 
Marjorie Mujaji (University of Canterbury, Christchurch, New Zealand). Starting materials, 
consisting of the measured amounts of CaF2 crystal offcut crushed into tiny grains and 99.9% 
pure H0F3 powder, were placed in the bore of a cylindrical graphite crucible and lowered 
through the temperature gradient produced by a 38 kW Arthur D. Litter RF induction furnace 
(evacuated to a pressure of less than 10' 4 torr to prevent oxygen contamination) at a rate of 2.5 
mm per hour over a total growth time of 30 hours and a subsequent annealing time of 3 hours.
Crystal Orientation: For the cubic calcium fluoride type crystals, the [111] cleavage planes 
provide a reference for orienting the crystals. However, the CaF9: Ho3+(0.0005 mole %) 
crystals provided by Mujaji are of cylindrical shape with diameter of ~ 10 mm and thickness of 
~ 3 mm which makes it difficult to find the [ 111 ] cleavage planes by conventional methods. The 
crystals were therefore oriented by using x-ray crystallographic technique to identify the ( 111)
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and <110) axes; and then cut in [111], [110], and [112] planes using a rotary diamond saw. The 
size of the resulting oriented crystal is 2 mm x 2 mm x 4 mm (Fig.3.1).
< 001>
(112)
<iio)
<oo i>
< o o i >
54.74"
<110
35.26'
< 112) <1 fo>
► <110
< 112)
Figure 3.1 Orientation of CaF2: Ho3+(0.0005 at %) crystal
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3.2 Site-Selective Laser Spectroscopy
As discussed in Chapter 1, rare-earth doped crystals often contain more than one type of 
optically active centre. In consequence, the associated excitation and emission spectra can be 
quite complex, and may actually overlap each other. With the development of a narrow 
bandwidth tunable dye laser, the so-called selective excitation and emission (or site-selective 
laser spectroscopic) technique has been established to separate out the excitation and emission 
spectra of individual centres (Tallant and Wright 1975). Due to the small linewidth and the 
tunability of dye lasers, the laser frequency can be chosen to selectively excite a particular type 
of centre without exciting other centres. Therefore, the resulting emission spectrum will be due 
to one centre only (selective emission). Correspondingly, by monitoring a certain emission line 
while continuously scanning the wavelength of the laser, the excitation spectrum for the 
associated centre is obtained (selective excitation).
Preliminary work on the Ho3+ centres in CaF2 crystal was carried out with a pulsed tunable dye 
laser system. The basic experiment set-up is schematically illustrated in Fig.3.2. The laser 
system is a Molectron dye laser model DL14P (linewidth ~ 0.3 cm"1) pumped by a Molectron 
nitrogen laser model UV12 (lasing transition at 337 nm (UV) and pulse repetition rate 0-50 Hz). 
The dye laser pulses are 10 nsec long and the laser is normally run at a repetition rate of 20 Hz. 
The crystal is cooled to approximately 10 K in a 'flow tube' by a stream of cold helium gas 
boiled off at variable rates by means of a heater from a dewar containing liquid helium. 
Fluorescence is analysed by a 3/4m Spex monochromator, and detected by an EMI 9816 
photomultiplier tube. To avoid laser scatter from being detected, the photomultiplier tube is 
gated in such a way that it is turned on ~ 20 psec after the laser pulse has finished. The signal 
from the photomultiplier tube is processed by a Princeton Applied Research Model 162 Boxcar 
Integrator which is usually set at a small delay and with a width depending on the lifetime of the 
emission. The signal is then plotted on a National VP-643 IB x-y recorder.
44
sample 
in flow tube
xy-recorder
pulse generator boxcar integrator
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nitrogen laser dye laser
Figure 3.2 Site-selective laser spectroscopy with pulse dye laser
Three types of experiments using the pulsed dye laser have been undertaken. Firstly, an overall 
excitation spectrum was obtained by detecting all emission (i.e., setting the monochromator to 
zero-order) from the crystal while scanning the laser wavelength. An excitation peak appears 
whenever the laser is in resonant with a transition which induces fluorescence, and hence the 
obtained excitation spectrum contains information about all optically active centres presented in 
the crystal.
Secondly, the emission spectrum, which resulted from exciting each excitation peak, was 
obtained by keeping the laser frequency fixed at the frequency of that particular peak and 
scanning the monochromator. As only one centre is selectively excited, the resulting emission
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spectrum is due to that one centre only (selective emission)^.
Finally, the excitation spectrum associated with a particular centre was obtained by setting the 
monochromator at a wavelength where only that centre emits while the wavelength of the laser 
is continuously changed. Since the emission is now selectively monitored, only excitation 
transitions belonging to the chosen centre will show up as signals when the laser is scanned 
(selective excitation).
Once the wavelength positions of the 5Ig <-> 5F5 optical transitions are known, the selective 
excitation technique can be performed with the replacement of the pulse dye laser by a 
continuous wave (cw) dye laser. A schematic of the experimental set-up in this case is shown in 
Fig.3.3. A Coherent CR 699-21 ring dye laser (with DCM red dye) pumped by a Spectra- 
Physics 5030 argon ion laser (6 W at 514.5 nm) is used as an excitation source. There are two 
reasons for this replacement:
(a) in comparison with the pulsed dye laser previously used, the CR 699-21 cw ring dye 
laser operating in broadband mode (without any intracavity elements) can deliver higher 
power and, hence, is more suitable for studying very low-doped crystals (the associate 
spectra have a better signal-to-noise ratio); and
(b) when operated in high-resolution (single-frequency) mode, the CR 699-21 cw ring dye 
laser has a linewidth of ~ 1 MHz§ and, hence, can be used to study hyperfine and 
superhyperfine interactions - in particular, the resolved hyperfine structure in several 5Ig 
—> 5F5 optical excitation transitions was observed (Secs.5.1 and 6.1).
The energy transfer among different centres in the crystal may occur. However, the emission from a centre 
other than that being excited by the laser will have a different time dependence. For the CaF2: Ho'+ 
(0.0005 mole %) crystals used, energy transfer among different centres has not been observed.
In general, the laser linewidth depends on the number of lasing cavity modes and on the stability of the 
cavity, and hence can be minimized by limiting the number of lasing cavity modes to one and improving 
the stability of the cavity. Mode selection in the laser used can be achieved by adjusting the birefringent 
filter and two intracavity elements, the thin etalon and the thick etalon. Further details on frequency 
tuning and single frequency operation can be found in the Coherent CR 699-21 model ring dye laser 
manual.
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The crystal sample was cooled to temperatures of 1.6 - 4.2 K in an ANU constructed hybrid 
glass-metal cryostat, which is an immersion type where the sample is directly in contact with 
liquid helium. Temperatures lower than 4.2 K can be achieved by reducing the pressure above 
the liquid helium surface. The emission from the crystal is dispersed by a Spex 1400 double­
pass monochromator, and detected by an EMI 9658R thermoelectrically-cooled photomultiplier. 
When the cw dye laser is used, there is no need to gate the photomultiplier tube or use the 
boxcar integrator. In the cases where the CR 699-21 cw ring dye laser is operated in broadband 
mode, the laser wavelength was mechanically scanned at the rate of approximately 2 Ä per 
second, and the signal from the photomultiplier tube is plotted directly on a National VP-643 IB 
x-y recorder. As the basic dye laser system without any intracavity elements has a linewidth of 
about 30 GHz (1 cm '1), the resulting excitation spectra, in comparison with those obtained by 
using pulsed dye laser, will have lower resolution but higher signal-to-noise ratio.
sample 
in cryostat
dye lasercw argon ion laser
xy-recorder
monochromator
Figure 3.3 Site-selective laser spectroscopy with broad band cw dye laser
For the high-resolution experiments, the CR 699-21 cw ring laser was operated in scanning 
mode normally over a 20 GHz frequency range (the laser can be scanned by a preset amount 
between 0.01 and 30 GHz). The laser frequency can be tuned by first adjusting the birefringent
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filter and, then, using the thin etalon horizontal tilt control together with the thin etalon offset to 
fine tune to the excitation line. In this case, the signal-to-noise of the observed optical spectrum 
was improved by averaging many scans in a Princeton Applied Research 4202 signal averager 
before it was plotted on a National VP-643 IB x-y recorder (Fig.3.4).
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Figure 3.4 Site-selective laser spectroscopy with high resolution cw dye laser
The technique of selective excitation and emission has been used to characterize the two 
dominant centres in low-doped CaF2: Ho3+ crystal. The results will be presented in Chapter 4 
where it will be shown that setting the monochromator to 6440.6 Ä and scanning the 
wavelength of the laser between 6350 and 6450 Ä selectively produces the excitation spectrum 
in the 5Ig —» 5F5 optical transition region of the CaF2: Ho3+ C4v centre. The excitation spectrum 
of the Ho3+ ions in trigonal (C3v) sites can be separated from that of the tetragonal (C4v) centres 
by monitoring the intensity of the 6432.8 Ä emission line and scanning the wavelength of the 
laser. The excitation in the tetragonal centres does not give rise to emission at 6432.8 Ä and 
thus does not affect the monitored emission intensity, resulting in the intensity variation to be 
proportional to the absorption of only the trigonal centre.
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3.3 Spectral Holeburning
Spectral Holebuming is a technique for the high resolution optical study of inhomogeneously 
broadened absorption lines using lasers of narrow linewidth. In holeburning experiments, an 
intense narrow bandwidth (~ 1MHz) laser at a fixed frequency within an inhomogeneous line 
profile (typically several GHz) is used to selectively excite small subsets of optically active 
centres. Instead of spectrally dispersing the fluorescence from these excited centres, the missing 
band of absorption frequencies or 'hole' in the inhomogeneously broadened absorption line is 
detected. This 'hole' results simply from the removal of the ground state population in 
resonance with the laser. The detection of the hole can be achieved by the so-called laser- 
induced fluorescence excitation technique. This technique involves the subsequent scanning of 
the laser frequency, at much lower intensity, through the irradiation frequency and the 
monitoring of the fluorescence level (which is proportional to laser absorption) from the crystal.
Spectral holebuming can occur by a number of mechanisms (Macfarlane and Shelby 1987, 
Macfarlane 1992). The most important holebuming mechanism for rare-earth ions is, however, 
the redistribution of ground state population among the different ground-state hyperfme and 
superhyperfine levels (Fig.3.5).
~ 10 MHz
~ GHz
first ordersecond order
hyperfme
~ 10 MHz
superhypprfine
Figure 3.5 Holebuming mechanisms
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When the laser frequency is tuned to a position within the inhomogeneous absorption line, only 
those centres, which have resonant frequencies that fall within the laser linewidth, are excited. 
A typical homogeneous linewidth for an isolated single rare-earth impurity centre in crystal at 
liquid helium temperature is of the order of 10 kHz (determined by the radiative lifetime) which 
is much smaller than the laser linewidth. As a consequence of this, the laser simultaneously 
excites many homogeneous packets. Most of the excited centres return within the radiative 
lifetime to the ground state. A small fraction of the excited centres, however, may be held in a 
lower lying metastable optical levels, such as 5I7 in Ho3+, which typically have storage times of 
tens of milliseconds (Macfarlane 1987). There is, however, a finite probability for each centre 
to decay to a ground-state hyperfine (or superhyperfme) level that is different from which it was 
excited. If the optical pumping rate exceeds the recovering rate of the ground-state population, 
there is a depletion of the ground state population in resonance with the laser. When the 
absorption of the laser is monitored experimentally, a decrease in the absorption level (hole) is 
observed at the laser frequency. In addition to the hole at the original irradiation frequency; 
auxiliary holes (or sideholes) may be observed at other frequencies. These auxiliary holes 
correspond to transitions from the ground state levels with depleted population to all of the 
excited state levels. Anti-holes (enhanced absorptions), corresponding to transitions from the 
ground state levels with larger than equilibrium population, may also be observed.
The depth of the hole depends on several competing processes: (a) the rate of optical pumping, 
(b) the optical decay rate, and (c) the probability of rare-earth ions to decay to different ground- 
state hyperfine (or superhyperfine) levels. The last process can be considered as the changing of 
the rare-earth nuclear spin state (or of the neighbouring fluorine nuclear spin state) during the 
time the optical pumping cycle is taking place. This can occur either in the excited state, or in 
metastable states, or in the ground state. In addition, for the case where the ground state has 
electronic degeneracy (i.e., an electronic doublet), electron spin flips between two electronic 
states can also occur (Boonyarith et al 1993, Martin et al 1993b). For the two Ho3+ centres in 
CaF2 studied in this thesis, Hole depths of up to ~ 100 % have been observed.
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3.4 Two-Laser Holebuming Experiments
The fastest scanning speeds of the commercially available high resolution lasers are of the order 
of 2 Hz. Thus, if the lifetime of the hole is less than the shortest scan time (250 msec), the 
holebuming spectrum can only be achieved with two high resolution lasers. The first laser (the 
bum laser), set at a fixed frequency, is used to bum the hole. The second laser (the read laser), 
scanned in frequency over the range that encompasses the frequency of the bum laser, is used 
to detect the hole. For both the C4v and C3v centres of Ho3+ in CaF2, the hole lifetime is of the 
order of a few milliseconds. The presence of the hole (and its associated structure) is, therefore, 
only accessible with the use of two separate lasers.
A schematic diagram of the experimental set-up for two-laser holebuming experiments is shown 
in Fig.3.6.
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Figure 3.6 Two-laser Holebuming experiment
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The two high resolution lasers used are a Coherent CR 699-21 cw ring dye laser and a Coherent 
CR 599-21 cw standing wave dye laser, both of which have a linewidth of ~ 1 MHz. The ring 
dye laser was pumped with a Spectra-Physics 5030 argon ion laser (6 W at 514.5 nm) while the 
standing wave laser was pumped with 4 W at 514.5 nm from a Spectra-Physics 5010 argon ion 
laser. For the two-laser holebuming spectra presented in this thesis, the CR 599-21 cw standing 
wave dye laser was used as the burn laser, and the CR699-21 cw ring dye laser as the read 
laser. To get a good signal-to-noise ratio, it is necessary to have the read laser probe only the 
centres excited by the burn laser. This can easily be achieved by making the diameter of the 
bum laser beam larger than that of the read laser. Apart from the addition of the second laser, 
the experimental set-up is the same as that of the high resolution selective excitation discussed in 
Sec.3.2 (Fig.3.4).
3.5 Optically-Detected Magnetic Resonance
Optically-Detected Magnetic Resonance (ODMR) is a technique in which the magnetic 
resonance (either Nuclear Magnetic Resonance - ODNMR, or Electron Paramagnetic Resonance 
- ODEPR, or Nuclear Quadrupole Resonance - ODNQR) transition can be detected directly 
through its effect on the optical emission signal, thus taking advantage of the much higher 
intensity and detection sensitivity associated with the latter. ODMR technique provides a 
powerful tool for the investigation of hyperfine and superhyperfine interactions, even in the 
cases where they merely cause an inhomogeneous broadening of the optical transitions.
In using ODMR techniques to study hyperfine and superhyperfine interactions, an optical 
transition is partly saturated by a narrow bandwidth laser and magnetic resonance transitions 
between hyperfine or superhyperfine levels are induced simultaneously by an applied 
microwave or radio frequency (RF) field. For this reason, the technique is also known as either 
a microwave-optical double resonance or a RF-optical double resonance technique, depending 
on the source of the electromagnetic radiation used to excite the magnetic transitions. The 
transfer of population between hyperfine or superhyperfine levels, caused by an applied 
microwave or RF field, may produce a change in emission intensity (if the transfer is significant
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enough and connects to the homogeneous packet in resonance with the laser). The magnetic 
resonance frequency is measured by monitoring the change in the optical emission signal while 
sweeping the frequency of the microwave or RF field. The resulting spectrum is called ODMR 
spectrum; or more specifically 'hyperfine' or 'superhyperfine' ODMR spectrum.
The major advantage of ODMR over the conventional detection methods is its high sensitivity 
which stems from the fact that the very small absorption of microwaves or RF waves is much 
more difficult to measure directly than the resulting induced change in optical emission. With its 
high sensitivity, ODMR seems to be an appropriate technique to study low concentrations of 
impurity centres in crystals.
A schematic representation of the experimental set-up used in the RF-optical double resonance 
experiments is given in Fig.3.7. A Coherent CR 699-21 cw ring dye laser operated in fixed- 
frequency mode is used to saturate the absorption (bum a hole) corresponding to a subgroup of 
Ho3+ ions in the crystals. The sample was placed inside a five-tum copper coil within a hybrid 
glass-metal cryostat, and, while the laser was continuously burning a spectral hole, was 
subjected to swept RF radiation. The RF field in the 100 kHz to 110 MHz frequency range, 
generated by a Hewlett Packard 8443A tracking generator, was amplified by an ENI model 
310L RF power amplifier (50 dB, 250 kHz - 110 MHz) before being supplied to the coil. The 
fluorescence signal, detected by a Spex 1400 double-pass monochromator equipped with 
thermoelectrically-cooled EMI 9658R photomultiplier tube, was recorded and averaged for 
repeated sweeps of the RF radiation in a Princeton Applied Research 4202 signal averager 
before being plotted on a National VP-643 IB x-y recorder. In the cases where a RF field which 
is higher than 110 MHz is needed, a Hewlett Packard 8444A tracking generator (500 kHz - 
1250 MHz) and an Amplifier Research model 5W1000 RF power amplifier (5 Watt, 500 kHz - 
1000 MHz) were used.
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Figure 3.7 RF-optical double resonance experiment
For the microwave-optical double resonance experiments (Fig.3.8), the sample was either 
mounted within a microwave helix (Pearlman and Webb 1967), or held between the plates of a 
parallel-plate capacitor. In this case, a microwave field, generated by a Wavetek 962 Micro 
Sweeper ( 1 - 4  GHz), was amplified by a Hewlett-Packard 491C microwave power amplifier 
(30 dB, 2 - 4 GHz) before being transmitted to the sample.
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Figure 3.8 Microwave-optical double resonance experiment
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3.6 Zeeman Measurements
All the experiments previously described can be carried out in the presence of an external 
magnetic field. To study the Zeeman behaviour of the hyperfine and superhyperfine levels, 
small magnetic fields in the range 0 - 200 G are typically needed, and so Helmholtz coils can be 
used. The low field magnet system used in this work was designed and constructed at the Laser 
Physics Centre of the Australian National University. It consists of three pairs of orthogonal 
Helmholtz coils which all can be fitted within the sample space of the glass cryostat. Each coil 
has a mean diameter of 15.5 mm. The wire used was a 0.2 mm diameter PVA insulated 
niobium/titanium superconducting wire (multi-filament in copper matrix). In this case, it is 
necessary to calibrate the magnetic field. This was done by
(a) measuring the Zeeman splittings of the 5I8{E(0 cm '1)} —> 5F5{ A2( 15485 cm '1)} optical 
transition of Ho3+ ions which present as unwanted impurities in a LiYF4: Er3+ (0.1 mole 
% )  crystal (Karayianis et al 1976) -  the associated spectrum is therefore very sharp, and
(b) calculating the field strengths from the previously reported ground-state effective g-value 
(Magarinö et al 1976).
The field-current ratio for the Helmholtz coils used in this study was found to be 22 G/A (about 
the same for all coils). This is consistent with the calibration made by Matthew Sellars (1993) 
who measured the nuclear magnetic resonance frequency of fluorine-nuclei in LaF3: Pr3+ 
crystal at different field strengths and compared the results with those reported by Macfarlane 
and Shelby (1981).
For the high-field Zeeman measurements, the sample was mounted in an Oxford Instruments 
5T helium exchange gas cryostat at the centre of the bore of a split pair superconducting 
magnet. The magnet is driven by an Oxford Instruments Mk2 60 A power supply. The 
maximum supply current for the magnet coils is ~ 50 A, which produces a maximum magnetic 
field of ~ 5 Tesla (the field-current ratio is 1.019 kG/A).
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Chapter 4
Low-Resolution Laser Spectroscopy of the 
Tetragonal (C4V) and Trigonal (C3V) 
Ho3+ centres in CaF2
When trivalent rare-earth ions (RE3+) are introduced into CaF2-type crystals (CaF0, BaF0, and 
SrF0 crystals), RE3+ ions commonly substitute for divalent cations (Ca2+, or Ba2+, or Sr2+) at 
alternate body centres of the cubic array of fluorines. Hence, charge compensation is required to 
preserve overall electrical neutrality. This can be achieved in several ways and the result is the 
presence of several crystallographic symmetry sites or centres. The concentrations of RE3+ ions 
of various symmetries have been found to depend on the specific rare-earth dopant ion, on the 
specific lattice, on the dopant concentration, and also on the sample preparation (Sierro 1963, 
Ranon and Yaniv 1964, Brown et al 1969, Tallant and Wright 1975, Seelbinder and Wright 
1979). In a CaF9: 0.01 mole % Ho3+ crystal, it was established, by Seelbinder and Wright 
(1979) using the method of selective laser excitation (Tallant and Wright 1975), that there are 
two dominant single Ho3+ centres, labelled A and B. The so-called A centre is comprised of a 
Ho3+ ion in a Ca2+ site, and is charge-compensated by an interstitial fluorine (F ) in an adjacent 
location along the (100) direction, Fig.4.1(a). The resulting site symmetry is tetragonal C4v, 
with the (100) crystal axis as the major (z) axis of the centre. For the B centre, charge- 
compensation is achieved by the presence of an interstitial F  at the second-nearest-neighbour 
interstitial position thus giving rise to the trigonal C3v centre with the (111) crystal axis as the z 
axis of the centre, Fig.4.1(b). These two charge compensation mechanisms are common for 
RE3+ ions in CaF2 (Baker 1974). In a CaF9: 0.2 mole % Ho3+ crystal, three additional sites
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were observed and assigned to clusters of several Ho3+ ions and their charge compensations 
(Seelbinder and Wright 1979). The assignment of the two principal single Ho3+ centres (A and 
B), as having C4y and C3v symmetry respectively, had been recently confirmed by Mujaji and 
co-workers (Mujaji et al 1992) using polarization measurements of the associated laser-selective 
excitation fluorescence spectra. The concentration of Ho3+ ions in CaF2 crystals used in their 
experiments was 0.005 mole %.
Figure 4.1 The C4v (a) and the C3v (b) centres of Ho3+ in CaF2.
In this chapter, after a brief review of the analysis of Mujaji et al (1992), the results of our low- 
resolution experiments performed on a CaF2: 0.0005 mole % Ho3+ single crystal will be 
presented. The excitation source used in these experiments was a Coherent 699-21 ring dye 
laser operating with DCM dye in broadband mode (Sec.3.2). The laser has a linewidth of ~ 30 
GHz (1 cm '1) and, hence, hyperfine structure (which is at most 5 GHz) is not detected. 
Consequently, the work presented in this chapter is termed 'low-resolution' to distinguish it 
from later spectra which show that the same spectral transitions exhibit hyperfine structure 
when excited with a 1 MHz bandwidth high resolution laser (Chapter 5).
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4.1 Analysis of Mujaji, Jones, and Syme (1992)
Mujaji et al (1992) have recently reported the low resolution selective excitation and emission 
spectra associated with both the A and B centres. They have proposed the energy-level 
symmetry assignments for each centre using polarization data. All the present data support this 
earlier analysis and, therefore, for clarity and brevity, the analysis of Mujaji et al is outlined 
before presenting our own data. It is then sufficient to show that our data is consistent with their 
work, and to emphasise particular aspects of the spectra which confirm the earlier assignments.
When a Ho3+ ion is introduced into a crystal, the ion's symmetry is reduced from spherical to 
the point symmetry group appropriate for the ion site. The (2J + l)-degenerate free-ion “ Lj 
terms are split, by the crystal field produced by the surrounding ligands, into several crystal- 
field levels. Separations between crystal-field levels are determined by the even-parity part of 
the crystal-field interaction. Each of the crystal-field levels has wavefunctions which essentially 
transform as one of the irreducible representations of the point group appropriate for the ion 
site. For centres having Ho3+ ions in sites of tetragonal (C4v) symmetry, the crystal-field 
wavefunctions transform as one of the five irreducible representations of the C4v point group -  
Aj, A2, Bj, B-,, and E. The first four irreducible representations (Aj, A2, Bj, and B2) are all of 
single dimension, while E is of double dimension. For centres having Ho3+ ions in sites of 
trigonal (C3v) symmetry, the crystal-field wavefunctions transform as one of the three 
irreducible representations - Aj, A2, and E. Aj and A2 are of single dimension while E is of 
double dimension.
Electric-dipole transitions between states of the 4fN configuration (having the same parity) are 
parity forbidden in first order. This is because the electric dipole operator has odd parity and the 
transition matrix element must have even parity. It was, however, observed that optical 
transitions occurring between levels of a particular 4fN configuration of rare-earth ions in 
crystalline field are mostly electric dipole in nature (Judd 1962, Ofelt 1962, Dieke 1968, Hüfner 
1978, Imbusch and Kopelman 1981, Morrison and Leavitt 1982). Hence, as first pointed out 
by van Vleck (1937), there must be some mixing of the opposite parity 4fN_1nl configuration (nl 
will be mostly 5d) into the 4fN configuration. In the crystal, there are two mechanisms that can
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produce the admixtures of the opposite-parity 4fN*1nl wavefunctions into the 4fN 
wavefunctions. These are (a) the odd-parity components of the crystal-field and (b) the crystal 
vibrations of odd symmetry (Peacock 1975, Hüfner 1978). Electric-dipole transitions 
originating through mixing of opposite-parity states (via either a static or vibronic perturbations) 
are known as forced electric-dipole transitions. Two types of transitions can be distinguished -  
pure electronic transitions and vibronic transitions. The transitions involving vibration are 
shifted from the pure electronic transition by the vibrational energy and reflect the distribution of 
vibration. The pure electronic transitions, on the other hand, are usually 'sharp'. The transitions 
are termed ‘zero-phonon’ lines and are the transitions used in all of the works presented in this 
thesis.
The procedure of Mujaji et al in assigning symmetry labels to crystal-field levels is based on the 
polarization of the zero-phonon lines. For C4v (A) centres in CaF0-type crystals, the axes of the 
three possible orientations of the fourfold rotation axis (C4 or z), which are determined by the 
position of the charge compensating ion, are orthogonal and can be along the (100), (010), or 
(001) crystal axes. The polarization effects arise as the particular C4v centres oriented with their 
C4 axes either in the direction of the propagation of the exciting laser or in the direction of the 
fluorescence propagation cannot respectively absorb or emit 7t-polarized radiation. Polarized 
excitation can, therefore, be used to selectively excite certain orientations of C4v centres, and the 
polarization of the emission will then indicate the symmetry of the states involved in 
fluorescence transitions. For example, consider the case where a T —» T (T = Ap A2, Bp or 
B2) - type transition is excited by the incident laser beam propagating along the (010) axis (see 
Fig.4.2). Since, according to the C4v selection rules (Table 4.1), transitions between two 
singlets of the same symmetry are allowed only in 7t-polarization, it is possible to selectively 
excite only either those C4v centres with their C4 axes along the (001) axis or those centres with 
their C4 axes along the (100) axis by having the laser polarized along either the (001) or the 
(100) axes, respectively. Consider the first case, where only C4v centres having their C4 axes 
along the (001) axis are excited (Fig.4.2), if the fluorescence in the (100) direction is analysed 
with an (001) analyser, then only fluorescence transitions involving T as terminating states 
(i.e., T — > T), which are allowed in 7i-polarization, will be observed. Fluorescence transitions
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Figure 4.2 Illustration of using polarization of laser-selective excitation spectra in 
assigning symmetry labels to crystal-field levels.
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involving E doublets (T —> E) are allowed in G-polarization and hence will not be observed. 
The reversed situations result when analysing the (100) fluorescence with an (010) analyser, 
leading to the polarization ratios of 1:0 and 0:1 for fluorescence transitions involving singlet and 
doublet energy levels, respectively. By considering all the various combinations of the 
polarization direction of the exciting laser and of the emission, Mujaji et al (1992) were able to 
deduce the possible energy-level symmetry assignments.
Table 4.1 Electric dipole selections rules for the C4v symmetry:
c4v/ ed A,( 'r , ) A2 ( 'r 2) B| ( 'r ,) B2 ('r4) E (2r 5)
A, <'r,) 7C — — — a
A2 ( ^ 2) _ K — _ a
b , ( 'r 3) _ — K — a
B2 ( ‘r 4) _ — — 71 a
E(2r ,) O G a a K
re (o) = transitions are allowed with the laser electric vector parallel 
(perpendicular) to the C4 axis
There are, however, aspects that cannot be determined from polarization data. For example, one 
can determine which levels are singlets but cannot give specific assignment as to which singlet 
symmetry. Mujaji et al (1992) utilized crystal-field calculations to assist in making specific 
assignments and identifying a scheme where energy levels and tentative assignments were 
consistent.
The analogous procedure can also be used to assist in assigning symmetry labels to crystal-field 
levels associated with centres having Ho3+ ions in sites of trigonal (C3v) symmetry. In this 
case, polarization ratios are not so clear cut as the differently-oriented centres are not orthogonal 
(Reeves et al 1992). Nonetheless, using polarization data, Mujaji et al (1992) were able to 
establish energy-level symmetry assignments for the CaF2: Ho3+ C3v (B) centre.
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4.2 Low-Resolution Laser Spectroscopy of the Tetragonal 
(C4v) Ho3+ centres in CaF2
4.2.1 Low-Resolution Site-Selective Excitation Spectrum
Our experimental low-temperature (4.2 K) site-selective excitation spectrum in the 5Ig —> 5F5 
optical transition region of the CaF2: Ho3+ C4v (A) centre is shown in Fig.4.3 where the first 
six lowest energy peaks, denoted by 1 to 6, are displayed. This excitation spectrum was 
obtained by mechanically scanning the laser wavelength at the rate of about 2 Ä per second 
while monitoring fluorescence at 6442.5 Ä corresponding to a transition from the lowest 
excited-state level (a Bj singlet) to a high level in the ground multiplet. As the monitoring 
wavelength used is close to a fluorescence wavelength of 6434.8 Ä associated with the CaF2: 
Ho3+ C3v (B) centre, three weak signals from the B centre are also observed, and these are 
denoted by *’s in Fig.4.3.
6390
wavelength (Ä)
Figure 4.3 Low-temperature site-selective excitation spectrum of the 5Ig —> 5F5 transition
in the CaF2: Ho3+ C4v centre.
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In the tetragonal (C4v) crystal field, the ground 5Ig multiplet splits into 4 doublets and 9 
singlets,
~*Ig —^  3Aj + 2A9 + 2Bj + 2B0 + 4E, 
whereas the excited 5F5 multiplet splits into 3 doublets and 5 singlets,
5F5 —^  Aj + 2 A2 + Bj + B0 + 3E.
For trivalent rare-earth ions in crystals, the crystal-field splittings are typically of the order of 
tens to hundreds of wavenumbers (Bleaney 1967, Macfarlane and Shelby 1987, Macfarlane 
1992). As a result, one would expect that, at liquid helium temperatures, only the lowest 
crystal-field level in the ground multiplet is populated, and hence the energy levels of the 
excited-state crystal-field levels should be obtainable directly from the low-temperature 
excitation spectrum.
In the case of the C4v CaF2: Ho3+ centre, it can be seen that (Fig.4.3) the optical excitation lines 
appear in pairs with a separation within each pair of 1.7 cm '1 ; even though, for some pairs 
(two higher energy pairs), the intensity of one line is much weaker than that of its partner. As 
the doublet (pair) structure appears in all optical transitions, it can be concluded that the origin 
of such structure is in the ground multiplet. This conclusion implies that the two lowest ground- 
state crystal-field levels are separated by 1.7 cm'1 in agreement with the value derived from high 
field EPR (Kornienko and Rybaltobskii 1972), and hence the optical transitions 1 and 2 
originate from the same excited-state crystal-field level. Likewise, optical transitions 3 and 4 
originate from a single excited-state level as do optical transitions 5 and 6. The spectrum shown 
in Fig.4.3 is therefore associated with transitions between two ground-state and three excited- 
state crystal-field levels.
The much weaker intensity lines will be shown to correspond to nominally group-theoretically 
forbidden forced electric-dipole transitions. To become observable (partially-allowed), there 
must be interactions that can result in the mixing of the wavefunctions, and it will be shown that 
the mixing occurs between the two lowest ground-state levels. The details of the mixing will be 
given in Chapter 5 (Sec.5.4.1) where the analysis of higher resolution data is presented. By
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examining the electric-dipole selection rules for the C4v symmetry (Table 4.1), it can be 
concluded that, as transitions involving doublet states are group-theoretically allowed, the weak 
lines should correspond to the group-theoretically partially-allowed forced electric-dipole 
transitions between two singlets of different symmetry.
According to Mujaji (1992), six of the excited-state crystal-field levels can be established from 
the low-temperature excitation spectrum. As transitions involving doublet states (either doublet 
<-» doublet or doublet <-> singlet transitions) are group-theoretically allowed, lines 
corresponding to transitions to all three 5F5 doublet states should always be presented in the 
excitation spectrum. Since, in the 5F5 multiplet, there are three A states (Aj + 2A2) and two B 
states (B, + B->), the remaining three excited-state crystal-field levels, whose existence can be 
established from the excitation spectrum, should have A symmetry. The absence of transitions 
to the two B singlet states implies that transitions from the two ground-state levels are not 
allowed. By examining the C4v selection rules (Table 4.1), it can be concluded that the two 
lowest ground-state crystal-field levels are both singlets with A symmetry (either Aj + Aj, or 
Aj + A2, or A0 + Aj, or A0 + A2).
For the highest energy pair in Fig.4.3, the intensity of the higher energy optical transition line 
(line 6) is much larger than that of its partner (line 5). Using the C4v selection rules, it can be 
concluded that (i) the two lowest ground-state crystal-field levels are singlets with different A 
symmetry (either Aj + A2 or A2 + Aj), and (ii) the excited-state crystal-field level is a singlet of 
the same symmetry as that of the lowest ground-state singlet. The reversed situation for the 
middle energy pair (lines 3 and 4) implies that the associated excited-state crystal-field level is 
also an A singlet but of the same symmetry as that of the second-lowest ground-state singlet.
For the lowest energy pair, both optical transitions 1 and 2 are of reasonable intensity and hence 
are both associated with the group-theoretically allowed forced electric-dipole transitions. Since 
the two lowest ground-state singlets are of different A symmetry, the excited-state crystal-field 
level is an E doublet. This conclusion was strengthened by the observation of the splitting, in an 
applied magnetic field, of this excited-state crystal-field level into two components 
(Sec.4.2.2.1).
65
The results of the above analysis, which support the earlier assignments made by Mujaji et al 
(1992), are schematically summarized in Fig.4.4. As it is not possible to experimentally 
distinguish between Aj and A2 (Bj and B2) singlets, the specific symmetry assignment of the 
crystal-field levels can only be made by employing the crystal-field calculation. The results of 
such a calculation (Mujaji 1992, Mujaji et al 1992) suggest that the lowest 5Ig ground-state 
crystal-field level is an Aj singlet, and that the lowest 5F5 excited-state crystal-field level is a 
singlet of Bj symmetry located at 4.5 cm '1 below the E doublet. The existence of this Bj level 
had been experimentally established from fluorescence spectra by Mujaji (1992). This Bj 
singlet is also included in Fig.4.4.
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Figure 4.4 Crystal-field energy level diagram for the low-lying levels in the ground 5Ig and 
the excited 5F5 multiplets of the A centre.
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4.2.2 Confirmation of the existence of the level in the 
excited 5F5 multiplet
In the previous section, it had been established that the two lowest crystal-field states in the 
ground multiplet are singlets of Aj and A9 symmetry. According to the C4v selection rules, in 
the absence of an applied field, electric-dipole transitions between states of A and B symmetry 
are not allowed. As a result, the existence of the two excited-state crystal-field levels having Bj 
and B9 symmetry could not be established from the low-temperature zero-field excitation 
spectrum. However, it has been established by analysing fluorescence spectra that the lowest 
crystal-field level in the excited 5F5 multiplet is a Bt singlet (Mujaji 1992). In this section, the 
results of two alternative experiments which confirm the existence of this Bj singlet will be 
presented.
4.2.2.1 Mixing between crystal-field levels by an applied 
magnetic field
One way to observe zero-field forbidden A — > B transitions is to mix into the excited B state a 
state in which transitions from the ground states are allowed. This can be achieved by applying 
an external magnetic field 3  in an appropriate direction. The oriented CaF2: Ho3+ crystal was 
mounted in an Oxford Instruments 5T helium exchange gas cryostat within the bore of a 
superconducting magnet (Sec.3.6). A typical Zeeman spectrum is shown in Fig.4.5 for a 
magnetic field of 3.057 Teslas applied along the (100) direction. In this configuration, there will 
be two inequivalent orientations of the C4v centres with respect to the field which are (a) those 
having the C4 axis parallel to the field (to be called axial centres), and (b) those with the C4 axes 
perpendicular to the field (transverse centres). As shown in Fig.4.5 for the field of 3.057 
Teslas, thirteen excitation peaks are observed, and ten of these (denoted by a to j) are attributed 
to the transverse centres. The remaining three peaks (denoted by a, ß, and y) belong to the axial 
centres. The two lowest energy peaks, a and b, correspond respectively to the 5I8 (A2) -A 
5F5(B j) and the 5I8(A j) —> 5F5(Bj) transitions which are now partially-allowed due to the 
mixing between the 5F5 (Bj) and 5F5 (E) levels by the transverse component (perpendicular to
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the C4v axis) of the applied magnetic field. The experimental Zeeman energy level diagram for 
the low-lying 5F5 levels of the transverse centres, obtained under the assumption that the Aj 
singlet at 15682.0 cm '1 does not move in the field, is shown in Fig.4.6. The existence of the Bj 
level at 15605.0 cm'1 can be established by extrapolating to zero field.
6390
wavelength (Ä)
Figure 4.5 Low-temperature high-field Zeeman excitation spectra for the A centre: (a) zero 
field, and (b) in a field of 3.057 T applied along the (100) direction. Peaks 
marked by * belong to B centre.
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Figure 4.6 The experimental Zeeman energy level diagram for the low-lying 5F5 excited- 
state crystal-field levels of the transverse centres obtained under the assumption 
that the Aj singlet at 15682.0 cm '1 does not move in the field.
4.2.2.2 Temperature dependence of the excitation spectrum
In the ground 5Ig multiples there are four B singlets (2Bj + 2B2) and four doublets (E). If the 
next higher-lying levels in the ground multiplet are of either B or E symmetry, it will be 
possible (since transitions B <-> E and B <-» B are allowed) for the existence of the excited-state
i
B j level to be established from the high temperature excitation spectrum (provided that the 
temperature is high enough such that the higher ground-state levels are sufficiently populated). 
In this case, the CaF2: Ho3+ crystal was mounted in an CRYO model 10CC variable 
temperature cryostat. The low-resolution excitation spectra, recorded at different temperatures, 
are shown in Fig.4.7. For T > 50 K, the third lowest ground-state level, an E doublet located at 
83 cm '1 (Mujaji et al 1992), is sufficiently populated (IK <-> 1.5 cm '1) leading to the
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observation of the 5Ig(E) — ¥  5F5 (B}) transition at 15522.0 cm '1. The existence of the 5F5(Bj) 
level is, therefore, confirmed.
*  50
*  60
*  70
6380 6400 6420 6440
wavelength (Ä)
Figure 4.7 Temperature dependence of the low-resolution 5Ig —» 5F5 excitation spectra of 
the A centre. These spectra were obtained by monitoring fluorescence at 
6609.4 Ä.
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4.3 Low-Resolution Laser Spectroscopy of the Trigonal 
(C3V) Ho3+ centres in CaF2
Our low temperature (~4.2 K) site-selective excitation spectrum in the 5Ig —> 5F5 optical
~ : t
transition region of the CaF2: HoJ+ C3v centre is shown Fig.4.8. This spectrum was generated 
by monitoring fluorescence at 6434.8 Ä while the incident laser light was scanned in 
wavelength at the rate of about 2 Ä per second.
wavelength (Ä)
Figure 4.8 Low-temperature site-selective excitation spectrum of the 5F5 multiplet of the 
CaF2: Ho3+ C3v (B) centre. Letters are used to signify the lines observed in the 
spectrum, whereas the numbers are used to indicate the optical transitions. 
Transitions 4 and 5 were established from high-resolution excitation spectra 
(Sec.6.1).
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In the trigonal (C3v) crystal field, the ground 5Ig multiplet splits into 6 doublets and 5 singlets,
I^g —^  3Aj + 2A? + 6E,
whereas the excited 5F5 multiplet split into 3 doublets and 4 singlets,
5F5 ->  Aj + 2A2 + 4E.
As can be seen from Fig.4.8, five lines (denoted by a to e) are clearly observed in the low- 
resolution excitation spectrum. High-resolution experiments (Sec.6.1), however, suggest that 
optical line d is, in fact, comprised of two transitions (5 and 6), and that there also exists a very 
weak line lying in the region between lines c and d (marked by 4). Seven transitions were, 
therefore, observed. The number of transitions is thus equal to the number of crystal-field levels 
in the 5F5 multiplet. The energy separations between all excited-state crystal-field levels can, 
therefore, be directly established from the separations between the optical excitation lines.
Table 4.2 Electric dipole selections rules for the C3v symmetry:
c 3v/ e d M'r,) a 2 (lr2) e  (2r ,)
M'r,) K _ a
a2 (!r2) _ K a
e  (2r ,) a a k , a
k  (g) = transitions are allowed with the laser electric vector parallel 
(perpendicular)to the C3 axis
According to the C3v selection rules (Table 4.2), for transitions to all of the 5F5 crystal-field 
levels to be observable, the ground state must be an E doublet. For the excited-state crystal-field 
levels, it can be concluded from high-resolution excitation spectra (Sec.6.1) that the excited 
states corresponding to the transitions 1, 4, and 5 are singlets, whereas those corresponding to 
the transition 2, 3, 6, and 7 are doublets. These assignments are consistent with the earlier
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assignments made by Mujaji et al (1992) on the basis of polarization data. Again the specific 
singlet Aj and A2 assignments can only be made by employing crystal-field calculation. Such a 
calculation has been performed by Mujaji et al (1992), and their assignments will be accepted. 
The resulting crystal-field energy level diagram is shown in Fig.4.9.
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Figure 4.9 Crystal-field energy level diagram for low-lying levels in the ground 5Ig and the 
excited 5F5 multiplets of the B centre.
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4.4 Conclusions
The crystal-field energy level diagram for the low-lying levels in the ground 5Ig and excited 5F5 
multiplets in both C4v (A) and C3v (B) centres has been established. In both cases, our results 
fully support the earlier work of Mujaji et al (1992). In the case of the A centre, the two lowest 
ground-state levels were found to be an Aj singlet and an A2 singlet separated by 1.7 cm '1. The 
first four lowest levels in the excited 5F5 multiplet were determined to have Bp E, A2, and Aj, 
respectively. In contrast to the other 5F5 levels, due to the C4v selection rules, the existence of 
the lowest 5F5(Bj) level can not be deduced from low-temperature excitation spectrum, and so 
was experimentally established from fluorescence spectra by Mujaji (1992). Two alternative 
experiments, namely low-temperature Zeeman and temperature dependence of the excitation 
spectrum, were performed to confirm the existence of this 5F5(Bj) level.
For the B centre, at first sight, it seemed to be that only five 5Ig —» 5F5 optical transitions are 
presented in the excitation spectrum. The results of the high-resolution experiments (Sec.6.1), 
however, suggest that one of the observed lines is in fact comprised of two transitions, and that 
the intensity of one transition is too low to be observed in the low-resolution excitation 
spectrum. The total of seven 5I8 —> 5F5 transitions were, therefore, observed leading to the 
conclusion that the ground state is an E doublet. From high-resolution excitation spectra and 
crystal-field calculation, seven 5F5 crystal-field levels were determined to have A2, E, E, A0, 
Ap E, and E symmetries, respectively (in order of increasing energy).
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Chapter 5
High-Resolution Laser Spectroscopy of the 
Tetragonal (C4V) Ho3+ Centres in CaF2
The ground 5Ig multiplet of Ho3+ has a large free-ion electronic magnetic moment of ~ 10 pB, 
and the naturally abundant isotope Ho has a nuclear spin 1 = 2 anc* a nuclear magnetic 
moment of 4.01 |l l n  (Bleaney 1964). Even when incorporated in a crystal, the interaction 
between the electronic and nuclear magnetic moments can lead to hyperfine splittings of a few 
GHz which can be larger than the inhomogeneous linewidth of the optical transitions. Hence, 
optical transitions of Ho3+ ions in crystals, cooled to liquid helium temperatures, often exhibit 
resolved hyperfine structure (Dieke and Pandey 1964, Dieke 1967, Hellwege et al 1967, 
Agladeze and Popova 1985, Hasan 1990, Hasan et al 1990, Martin et al 1992, Martin et al 
1993a, Martin et al 1993b, Mujaji et al 1993, Boonyarith et al 1993) and, therefore, prove 
invaluable for the study and illustration of effects associated with hyperfine interactions.
For the CaF2: Ho3+ C4v centre, it was established in the previous chapter that the ground state 
is comprised of a pair of electronic singlet levels (Aj and A2) separated by 1.7 cm'1. The close 
separation and large hyperfine interaction result in these states interacting and giving several 
unusual features of this centre. One such aspect -  the appearance of the two nominally group- 
theoretically electric-dipole forbidden transitions, 5I8{A j(0 cm '1)} —> 5F5{ A2(15623 cm '1)} 
and 5Ig{A9(1.7 cm '1)} - 4  5F5{A |( 15682 cm '1)}, in the low-resolution excitation spectrum 
(denoted by 4 and 5 in Fig.4.2) -  has already been noted. The interaction also gives rise to 
anomalously large pseudoquadrupole splittings of the two ground-state electronic singlets. 
These large splittings are reflected in the high resolution 5Ig{Aj(0 cm '1), A2(1.7 cm '1)} —>
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5F5{ A2( 15623 cm '1)} excitation spectra where fully-resolved hyperfine structures are observed 
(Sec.5.1) .
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In this chapter, the details of the investigation, by means of high-resolution spectroscopic 
techniques, on the hyperfine interaction and its consequences in the CaF2: Ho3+ C4v (A) centre 
will be presented. The layout of this chapter is summarized diagrammatically in Fig.5.1. The 
observed 4.2 K high-resolution excitation spectra, associated with the four lowest energy 
transitions in the 5I8 —» 5F5 optical region, are first presented in Sec.5.1 where the unusual 
lineshapes of the two lowest energy transitions are noted. After a brief discussion about 
mechanisms responsible for spectral holeburning observed in this CaF2: Ho3+ C4v centre 
(Sec.5.2), the results of the microwave-optical double-resonance experiments, which directly 
give the ground-state hyperfine splittings, are reported in Sec.5.3. In Sec.5.4, theoretical 
analysis of zero-field hyperfine and optical transitions are presented, and, using the 
experimental results presented in Secs.5.1 and 5.3, the hyperfine parameters are derived and 
summarized in Table 5.3. Zeeman experiments on the optical transitions and on the ground-state 
hyperfine resonances are then reported in Sec.5.5. In Sec.5.6, the results of the RF-optical 
double-resonance experiments are presented. For this Ho3+ centre, hyperfine dependence of 
superhyperfine resonances and anomalously large superhyperfine splittings associated with the 
Ho3+ m = ± ^ hyperfine levels are observed. These are explained in Sec.5.7 where the analysis 
of superhyperfine resonances is given. Zeeman experiments on superhyperfine resonances are 
then presented in Sec.5.8 followed by conclusion in Sec.5.9.
5.1 High-Resolution Site-Selective Excitation Spectra: 
Unusual optical spectral lineshapes
The low-temperature (4.2 K) high-resolution excitation spectra associated with the four lowest 
energy transitions in the 5Ig —> 5F5 optical region of the CaF2: Ho3+ C4v centre -  
corresponding respectively to the 5I8{ A2(1.7 cm '1)} —> 5F5{E(15609 cm '1)}, 5I8{Aj(0 cm '1)} 
-»  5F5 {E( 15609 cm '1)}, 5Ig{ A2(1.7 cm '1)} ->  5F5{A2(15623 cm '1)}, and 5Ig{ Aj(0 cm '1)} 
—» 5F5{A2( 15623 cm '1)} optical transitions (denoted by 1 to 4 in Fig.4.2) -  are shown in 
Fig.5.2. These excitation spectra were generated by monitoring the emission at 6440.6 Ä 
(corresponding to transitions from the excited-state doublet at 15609 cm '1 to a high level in the
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ground multiplet) while the laser from a high-resolution Coherent 699-21 ring dye laser 
(linewidth ~ 1 MHz) was scanned in frequency by up to 20 GHz (Sec.3.2).
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Figure 5.2 The low-temperature (~ 4.2 K) high-resolution excitation spectra associated 
with the
(a) 5I8{A2(1.7 cm '1]} ->  5F5 {E(15609.0 cm '1)},
(b) 5Ig{Ar(0 cm '1]} -4  5F5 {E( 15609.0 cm '1)},
(c) 5Ig{A2(1.7 cm '1]} ->  5F5{A2( 15623.0 cm'1)},
and (d) 5I8{A1(0 cm '1]} —> 5F5 {A2( 15623.0 cm '1)} optical transitions 
within the CaF2: Ho3+ C4v centre.
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Table 5.1 Separations between the hyperfine lines within the four lowest energy 
transitions in the 5Ig —> 5F5 optical region of the CaF2: Ho3+(0.0005 mole %) 
C4v centre.
optical transition
separation between 
hyperfine lines 
(± 0.050 GHz)
5I8{ A2(1.7 cm'1)} ->  5F5 {E( 15609 cm '1)}
K-J = 3.244 
J - I  = 2.539 
I -H = 1.698 
H-G = 0.951
5Ig{ Aj(0 cm '1)} - > 5F5 {E(15609 cm'1)}
F-E = 0.789 
E-D = 1.298 
D-B = 2.820 
B-A =2.961
5I8{A2(1.7 cm '1)} ->  5F5{A2( 15623 cm '1)}
L-M = 2.474 
M-N = 1.752 
N-0 = 0.863
5I8{ Aj(0 cm'1)} ->  5F5{ A2(15623 cm '1)}
P-Q = 1.508 
Q-R = 2.088
G-F = 50.595 (100) GHz; M-Q = 56.611(100) GHz; L-R = 61.173 (100) GHz
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For the 5I8(Aj) —> 5F5(E) and 5I8(A2) —> 5F5 (E) transitions, Figs.5.2(a) and 5.2(b), instead 
of the eight hyperfine line pattern, expected for transitions between an A singlet and an E 
doublet, only 5 hyperfine lines are clearly observed in each transition along with a shoulder 
(denoted by C) on one component. There is, however, a superposition of some of the 
transitions as can be noted from the fact that the inner lines (C, D, E, F, G, H, and I) have 
markedly higher intensity. The four extreme lines (A, B, J, and K), however, are clearly 
associated with single transitions. The almost mirror symmetry of the 5I8(Aj) —» 5F5 (E) and 
5I8(A->) —> 5F5 (E) optical spectra implies that the two ground-state singlets interact with each 
other and that all the quadrupole interactions are small.
In contrast, the fully-resolved hyperfine structure within the 5I8(A2) —> 5F5(A2) optical 
transition was observed, Fig.5.2(c). The four hyperfine nuclear transitions are, however, of 
unequal intensity. As the 5I8(Aj) -A 5F5 (A2) optical transition is nominally group-theoretically 
electric-dipole forbidden (Table 4.1), its intensity arises solely from the admixture of the 
5I8(A~>) state (see Sec.5.4), and, hence, is of much lower intensity. In this case, three hyperfine 
lines were observed, Fig.5.2(d).
Separations between the observed optical hyperfine lines are summarized in Table 5.1. Full 
analysis of the optical transitions is delayed to Sec.5.4.3 after presenting the results of 
microwave-optical double-resonance experiments (Sec.5.3) and theoretical analysis of 
hyperfine interaction in the ground-state and excited-state levels (Secs.5.4.1 and 5.4.2, 
respectively). As the double-resonance measurements to be presented in Sec.5.3 involve the 
bleaching of optical transitions, it is desirable to first discuss the holebuming itself.
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5.2 Spectral Holebuming
The 5I8(A j , A2) —> 5F5(E) optical transitions of Ho3+ ions in tetragonal sites of CaF2: 
Ho3+(0.0005 mole %) exhibit ~ 100% spectral holebuming. There are several mechanisms 
responsible for holeburning observed in this Ho3+ centre. The observation of strong 
superhyperfine resonances (Martin et al. 1992, Martin et al. 1993a), Sec.5.6, implies that the 
dominant mechanism for holeburning is the nuclear spin flips within the frozen core of 
neighbouring 19F nuclei surrounding the Ho3+ ion which occur when the centre is in an 
optically excited state — the so-called superhyperfine mechanism (Macfarlane et al. 1981, 
Burum et al. 1982, Macfarlane et al. 1984). Holeburning due to optical pumping of the 
holmium nuclear spin is also in evidence due to the observation of hyperfine resonances 
(Sec.5.3). Normally, in axial symmetry the z component of the Ho3+ nuclear spin is a good 
quantum number and, hence, holebuming due to optical pumping of the Ho3+ nuclear spin is 
not expected in zero field. The observation of hyperfine resonances therefore implies that there 
must be some kinds of mixing of Ho3+ nuclear spin states in the excited state. Such a mixing 
will result in an increase in branching to the ground state, making it possible for the ground- 
state hyperfine splittings to be determined experimentally by using a hole-burning microwave- 
optical double-resonance technique (Sec.5.3). Due to the small separations between the 
5F5(B j), 5F5(E) and 5F5(A2) crystal-field levels (4.5 and 13.5 cm '1), it is possible that the 
transverse component of the hyperfine interaction, ^ A j{I+J_ + I J+}, can cause mixing of 
Ho3+ nuclear spin states in the excited 5F5 multiplet (Boonyarith et al 1993). The effects of the 
mixing in this centre are, however, not strong enough to be observed in the optical excitation 
spectra and the observed hyperfine resonances are quite weak (Sec.5.3).
Satellite holebuming in the other hyperfine lines within the same optical transition has also been 
observed. Since the holes are short-lived (~ 15 ms), holeburning measurements were carried 
out by using two high resolution Coherent 699-21 and 599-21 dye lasers — one to burn and the 
other to probe. Holebuming spectra measured in the 5I8(Aj) —» 5F5(E) optical transition at 2 K 
are shown in Fig.5.3. For holebuming in line A, Fig.5.3(a), satellite holes are clearly observed 
in lines B and D. Since the optical hyperfine lines A and B are associated respectively with the
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7 5± -  and ± -  hyperfine levels (see Fig.5.8 Sec.5.4.3.2, and Sec.5.6), the satellite hole observed 
in line B results from thermally induced nuclear spin flips within the ground state singlet which 
attempt to restore the population in the hyperfine state resonant with the laser. On the other 
hand, the weak satellite hole in line D arises from the fact that the optical, hyperfine lines A and 
D are originated from the same ground -state hyperfine levels (± |  ), Fig.5.8.
Figure 5.3 Two laser holebuming spectra measured in the 5I8(A1) —» 5F5(E) optical 
transition at 2 K. The asterisks indicate the position of the fixed laser (main 
hole), whereas the arrows indicate the position of the satellite holes.
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5.3 Microwave-Optical Double-Resonance Experiments: 
Ground-State Hyperfine Resonances
The hyperfine splittings within the two close-lying ground-state singlets, 5Ig(A,) and 5I8(A0), 
of the CaF2: Ho3+ C4v centre have been determined experimentally by using hole-burning 
microwave-optical double-resonance techniques. The CaF2:Ho3+ crystal was mounted within a 
microwave helix (Sec.3.5). The 2K hyperfine ODMR spectra for the 5Ig(Aj) —> 5F5(E) optical 
transition are shown in Fig.5.4. When the laser is tuned to the hyperfine line A (see insert in 
Fig.5.4), a strong hyperfine resonance at 2.250(2) GHz is observed together with a weaker one 
at 2.340(3) GHz (Fig.5.4(a)). Exciting the hyperfine line K of the 5I8(A2) —> 5F5(E) optical 
transition also gives the same pair of microwave resonances but with the intensity of the two 
signals interchange (not shown). The stronger resonance, obtained when pumping the 5I8(Aj) 
ground state directly, is consequently taken to correspond to hyperfine transitions within the 
5I8(Aj) electronic state, whereas the weaker one corresponds to hyperfine transitions within the 
5Ig(A2) electronic state.
The above assignment of the hyperfine ODMR signals is made on the fact that, since the two 
ground-state singlets are separated by only ~1.7 cm '1, all the hyperfine levels are populated at 
liquid helium temperatures and there will be a thermal cycling between the levels. These 
thermally stimulated transitions between the hyperfine levels of the two electronic states will 
normally retain the same nuclear spin projection, in an analogous manner to that which occurs 
between the two electronic components of an electronic doublet (Manson et al 1992b, Martin et 
al 1993b, Boonyarith et al 1993). The electron spin flips, occurring due to thermal excitation, 
will result in the population in associated levels to be interconnected so that depleting one level 
will deplete the other. The application of microwave radiation at the resonant frequencies can, 
then, induce hyperfine transitions within both electronic singlets, giving rise to the two sets of 
hyperfine ODMR resonances. The laser is, however, resonant with one ground state hyperfine 
level, and this is the only level which is directly depopulated. Microwave resonances associated 
with this level will give the larger signals.
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Figure 5.4 The experimental ground-state hyperfine ODMR spectra associated with the 
5Ig{ Aj(0 cm '1)} —> 5F5{E(15609.0 cm '1)} optical transition. Traces (a), (b),
and (c) are obtained when the laser was tuned to saturate the optical hyperfine 
lines A, B, and C (shown on the top right comer), respectively.
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Burning the hyperfine line B gives two more resonances at 1.608(3) and 1.669(3) GHz, 
Fig.5.4(b), and these are considered to be associated with hyperfine transitions within the 
5I8(Aj) and 5I8(A2) states, respectively. Two additional signals at 0.842(4) and 0.872(5) GHz, 
obtained when exciting the hyperfine line C (Fig.5.4(c)), are likewise associated respectively 
with hyperfine transitions within the 5Ig(A () and 5I8(A2) states. The frequencies of the 
observed hyperfine resonances are summarized in Table 5.2.
Table 5.2 Hyperfine resonances observed for the two lowest ground-state crystal-field 
levels, 5I8(Aj) and ^ (A ^) of the CaF2: Ho3+(0.0005 mole %) C4v (A) centre.
Laser Position
Hyperfine Resonance 
Frequency (MHz)
A 2.250(2) 2.340(3)
B
2.250(2) 2.340(3)
1.608(3) 1.669(3)
C
1.608(3) 1.669(3)
0.842(4) 0.872(5)
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5.4 Analysis of Hyperfine and Optical Transitions
5.4.1 Ground Multiples Hyperfine Interactions between 
Two Close-Lying Electronic Singlets
5.4.1.1 Second-Order Perturbation Approach
Simple explanations of the general features of the observed high-resolution excitation spectra 
can be obtained from second-order perturbation theory.
As (i) the two lowest ground-state crystal-field levels, 5I8(Aj) and 5Ig(A2), are separated by 1.7 
cm '1 (~ 50 GHz), and (ii) their nearest neighbouring crystal-field level, which is an E doublet, 
locates at 81.3 cm '1 above the second singlet, these two singlets can be treated, in the first 
order, as an isolated system. By considering the general forms of the C4v crystal-field 
wavefunctions for an Aj and an A2 singlet in the 5Ig multiplet (Sec.2.3, Ranon and Lee 1969);
I Aj) = a { | 8 ,  8)+ |8,-8)} + a 2{ |8,4>+ |8,-4>} + a 3|8, 0), (5.1a)
and
|A2) = P j p s ,  8) - I 8,-8)} + ß2{ I 8, 4) - I 8,-4)); (5.1b)
axial
it can be seen that these two singlets can interact via the axial (diagonal) component, H  , ofM
the magnetic hyperfine interaction, : (Sec.2.4.2)
axial transverse i ✓  x
KM = KM +H M = V * J  = AjVz + 2 Aj(l+J-+ U +)’ <5-2>
where Aj is the magnetic hyperfine-structure constant for the ground 5I8 multiplet. Due to their 
proximity, the hyperfine interaction between the two singlets becomes significant, leading to 
large pseudoquadrupole splittings in both singlets that can be observed in the optical transitions.
If there is no interaction between the two singlets, the total wavefunctions, including both 
electronic and nuclear parts, can be written as the direct product of the electronic and nuclear
wavefunctions:
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A ,.m> = { “ j { I 8. 8>+ |8,-8>} + a ,{ |8 .  4 )+  I 8,-4)} + a ^ \8, 0)} |y ,  m> (5.3 a) 
A2,m> = { ß j {I 8, 8> - |8 ,-8 )}  + P2{ |8 , 4 > - |8 , - 4 » } |^ m )  (5.3 b)
7
where m is the projection of the nuclear spin I along the z-axis (eigenvalue of Iz), and I = -  for 
the natural abundant isotope ^ 5Ho. By second-order perturbation theory, the hyperfine levels 
of the Aj and A0 electronic states associated with the nuclear projection m, IA1? m> and IA0, m), 
repel one another by the amount
AE =m
a  < j  yJ \  z/] V 2m C
(5.4)
where <Jz) and £ are defined by the relations
<J z \ 2 =  <A , - m l J z l A 2 ' m >
= <A2. mlJzlA!. m>
<A , l J z l  A 2>
<A 2M z I A , )  =  < J z > 2 I -
and
AA > 12 ’
(5.5)
(5.6)
and D is the crystal-field separation between the two singlets. This pseudoquadrupole splitting 
results in four doubly degenerate levels with separations in the ratio 3:2:1 as shown 
diagrammatically in Fig.5.5. The quadrupole splittings in the excited-state singlet are normally 
small. Hence, the ground-state pseudoquadrupole splittings give the dominant contribution to 
the structure in the 5I8(A2) —> 5F5(A2) and ^ ( A j )  —> 5F5(A2) optical excitation spectra shown 
in Figs.5.2(c) and 5.2(d). The small quadrupole splitting in the excited-state singlet adds to the 
ground-state splitting in one optical transition, 5Ig(A2) —» 5F5(A2), and subtracts in the other, 
5I8(A j) - 4  5F5(A2), Fig.5.5. It can then be concluded that
(a) the hyperfine lines L, M, N and O of the 5I8(A2) —> 5F5(A2) optical transition are
7 5 3 1associated respectively with them  = ± -  , ± - , ± - ,  and ± -  hyperfine levels, and
(b) the hyperfine lines P, Q, and R of the 5I8(A j) —» 5F5(A2) optical transition are
3 5 7associated with the m = ± - ,  ± - ,  and ± -  hyperfine levels, respectively.
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The missing of the m = ± ^ hyperfine line from the 5Ig(Aj) —> 5F5(A2) optical spectrum is due 
to the hyperfine dependence of the mixing coefficients between the 5I8(A j ) and 5I8(A2) 
hyperfine wavefunctions.
A, — *—
69.0 cm 1
13.5 cm
4.5 cm
81.3 cm
.7 cm
energy
P4 m
1 ±1/2
“jr 2 ±3/2
> r
i k
4 ±5/2
jL 6 ±7/2
m
D
I T ±7/2
6
>r
t k ±5/2
4
±3/2% 2 ±1/2
T  2
> k
4
J L
i k
6
± 1/2
±3/2
±5/2
±7/2
Figure 5.5 Pseudoquadrupole splittings within the 5Ig(A 1) and 5I8(A2) ground-state 
singlets as predicted by second-order perturbation theory and the assignment of 
hyperfine levels to the hyperfine lines in the 5I8(A j , A2) —> 5F5(A2) optical
transitions.
89
The unequal intensities of the four hyperfine nuclear transitions observed in the 5I8(A) —> 5F5 
(A2) and 5I8(A j) —> 5F5 (A2) optical transitions, Figs.5.2(c) and 5.2(d), arise as a consequence 
of the mixing of the wavefunctions. By second-order perturbation theory, the wavefunctions 
for the hyperfine levels within the two electronic singlets are of the form
- 1/2
mC
{ | A , . m> -  F f f )  |A 2, m>},  (5.7a)
and
A2> m)' =
As can be seen from Fig.5.2(c), the optical transition 5Ig(A2) -A 5F5(A2) exhibits a completely 
resolved hyperfine structure consisting of four hyperfine lines. Normally, in a crystal-field of 
C4v symmetry, the transition 5I8(A j) — > 5F5(A2) is not allowed (Table 4.1), but here, due to 
the mixing of the wavefunctions, there is a transfer of intensity from the A9 to Aj initial states 
making the transition 5I8(A}) —4 5F5(A2) observable, Fig.5.2(d). The intensities of transitions 
from the nominally Aj and A2 ground state levels to an A2 excited state arise solely from the 
lA->,m) component in the ground state wavefunctions. Due to the hyperfine dependence of the 
mixing coefficients, the transfer of intensity is dependent on the nuclear state. The loss of 
intensity for the 5I8(A2) —> 5F5(A2) transition is greater for the hyperfine levels with the larger 
m values. This is consistent with the observation in Figs.5.2(c) and 5.2(d) where there is 
greatest transfer of intensity from the A2 to Aj initial states for the outside lines, i.e. those
displaced by the largest amounts and, hence, associated with the m = ± -  hyperfine levels. The
5 3 1transfer of intensity is then progressively less for the m = ± -  , ± -  , and ± -  hyperfine 
components.
The above approach, however, gives the same set of hyperfine splittings for both electronic 
singlets and, thus, is not sufficient to account for the hyperfine ODMR experiments where two 
separate sets of hyperfine resonances are observed. This discrepancy arises partly from the 
negligence of the nuclear electric quadrupole interaction, Hq, (Sec.2.4.2)
Hq = P{ lz2 - j l ( l + 0 }.
+ \ n  / {| Af m> + <#>!* 2’ < > } (5.7 b)
, , mV
1 ' 1 + ( ^ ) 2
(5.8)
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where P is the effective quadrupole interaction parameter. If this interaction is also taken into 
account, second-order perturbation theory then gives
r- , , O^ ) . „  (  2 21 \  „  „ .
EAi(m)  ---- 5 pAm 'T'*’ (5,8a)
and
( mC) /  2 2 h
EA2(m) = D + + P2(m 2 - (5.8 b)
where Pj and P0 are the effective quadrupole parameters for the and A2 states, respectively. 
As P[ and P^  are normally not the same, the hyperfine splittings for the two electronic singlets 
are now different. However, the predicted hyperfine splittings within each singlet are still in the 
ratio 3:2:1, whereas the experimental splitting ratios (from Table 5.2) are 2.67:1.91:1 and 
2.68:1.91: 1 for the Aj and A2 singlet, respectively. Given the proximity of the two singlets, it 
can be concluded that, whereas the perturbation approach gives a general understanding of the 
features of the observed high-resolution excitation spectra, the higher-order terms play a 
significant role and so it is necessary to make a full calculation.
5.4.1.2 Exact Approach
In the zero applied magnetic field, the Hamiltonian describing the two coupled ground-state 
singlets can be written as
H  = «  . + H  + H  ; (5.9)
free ion cf hyperfine
where (a) H free ion is the Hamiltonian for the free Ho3+ ion (Sec.2.1); (b) H cf is the C4v crystal 
field Hamiltonian (Secs.2.2 and 2.3); and (c) ^hyperfine describes the dipole and quadrupole 
contributions to the hyperfine interaction (Sec.2.4.2),
^hyperfine = 1 AjV z ^  W  + ^ +) } + P{ if - }  I(I+ D  } • (5.10)
Using as the basis states the direct product of the electronic and nuclear wavefunctions, IA j, m) 
and IA0, m), the Hamiltonian matrix can be written as
91
Aj.m) I Av m>
E - A + P (m2 - ~ )  mA (A IJ IA )0 l v 4 7 JN l z 2'
mA (A IJ IA ) E + A + P (m 2 - ^}~) 
r  2 z V 0 2V 4 7
where the abbreviations a, ß, and y are defined, respectively, by
c ;) (5.11)
and
a  = E - A + P (m 2 -0 lv 4 7 (5.12)
ß = E +A + P ( m 2 - ^ - ) ,  k 0 2V 4 7 (5.13)
y = mA (A IJ IA ) = mA (J )' r  l z 2'  r  z'\2
mA (A IJ IA ) = mA (J ) = mCj \  2 z \ i  j \  z'2i ^ (5.14)
Here, (EQ - A) represents the energy of the IAj) state due to the contribution from the free-ion 
and crystal-field terms, and (EQ + A) represents the equivalent energy of the IA0) state. Pj and 
P0 are the effective quadrupole parameters for the Aj and A2 states, respectively. The 
wavefunctions associated with these two orbital singlets are mixed by the axial term in the 
hyperfine interaction and are given by
and
A , m)' = a(m) | A , m) - b(m) | Ay m),
I A , m)' = b(m) | A , m) + a(m) | A , m) ;
(5.15 a)
(5.15 b)
where Aj denotes the electronic component and m the z-component of the nuclear spin. The 
mixing coefficients are given by
{«-££)}
a(m)
and
b(m) =
r +{ 8 - ( ^ ) }
yMsT^)}
(5.16)
(5.17)
where
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6 - (5.18)
The associated eigenvalues are 
EA1(A2)(m) = ( —-z— ) + 8
+ \ / { A - j Pd ( m2- T ^ l  +(m^)2 ' (5.19)
where P = P, + P- and P . = P, - P~. s 1 2 d 1 2
Using the results from the hyperfine ODMR experiments (Table 5.2), the following equations 
were obtained:
= 2.250(2) GHz, (5.20 a)
E (+!■)-E (±4) = - 2 P  + J ( a 4 p  ) 2+ ^ - C - x / ( a  + 4 p  y + j C  Alv 2 Alv 2 '  s V  v 2 dJ 4 ^ V  v 2 <Y 4 ^
= 1.608(3) GHz, (5.20 b)
= - ps + 7 ( A + f pd)2+^ 2 - 7 ( A + f pd) 2+? ^
= 0.842(4) GHz, (5.20 c)
e u 4 > - e u 4 >  =
= 2.340(3) GHz, (5.21 a)
E A2(±f  > - E A2(± f > = 2PS + 7  ( a  - i  Pd) 2+ f  C2 - J  ( a  4  p  J 2+ 1 C22 d '  4
1.669(3) GHz, (5.21 b)
and
EA2<4> - e a2<4> = w ( A + f  p/ + t  W  <A + f  p/ + i
= 0.872(4) GHz; (5.21 c)
from which we can solve for P :s
Ps = p + P2 = 0.015(2) GHz. (5.22)
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The terms involving Ps can also be eliminated from the above equations giving
2.295(4) GHz, 
1.639(4) GHz,
0.857(6) GHz.
(5.23 a) 
(5.23 b)
(5.23 c)
5.4.2 Excited 5F5 multiplet
In the excited 5F5 multiplet, the lowest four crystal-field levels consist of a Bj singlet, an E
doublet, an A2 singlet and an Aj singlet separated by 4.5, 13.5, and 69 cm '1, respectively
(Fig.4.3). In zero field, there is no obvious evidence of significant interaction between these
states presented in the optical excitation spectra. For example, neither of the transitions from the
ground state singlets Aj and A2 to the excited Bj state are observed. In the absence of the
hyperfine interaction and any external magnetic field, these transitions are nominally group-
theoretically forbidden. But had there been any significant mixing between the Bj state and the
adjacent E state -  which can occur via the transverse component of the hyperfine interaction,
transverse transverse i eFf = Ff = — A
hyperfine M 2 J
6 5where Aj is the magnetic hyperfme-structure constant for the excited F5 multiplet, then these 
nominally forbidden transitions would have gained intensity. An admixture of the 5F5(E) 
doublet and either of the adjacent singlets (Bj or A2) would be reflected in an irregularity in the 
hyperfine intensity pattern (Boonyarith et al 1993), but no such irregularity was observed. It 
can be concluded, therefore, that the Bj singlet, the E doublet and the A2 singlet can each be 
treated, in the first order, as an isolated state (see however Sec.5.4.3.2).
( iJ .  + I J ) , (5.24 a)
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For a rare-earth at the site of axial symmetry, the hyperfine structure within an isolated doublet 
E state is determined by the axial parts of the hyperfine Hamiltonian
axial
hyperfine
transverse
+ H0 =  AjMz + p { iz2 - 3-ICI+ 0 } (5.24 b)
The energies of the hyperfine states within the isolated 5F5 doublet states are therefore
E±(m) = E( ± mAj(E+IJzIE+) + P3(m2 - ^L), (5.25)
where (a) Ej is the crystal-field energy of the F5(E) state, (b) Aj is the magnetic hyperfine- 
structure constant for the excited 5F5 multiplet, and (c) P3 is the effective quadrupole parameter 
for the 5F5(E) state. The corresponding total wave functions are
|E ±,m ) = { x i |5,+3) + x2|5 ,± l)  + x3| 5 , ± 5 ) } | y , m )  . (5.26)
As the value of the effective quadrupole parameter (P3) is normally much less than that of the 
magnetic hyperfine-structure constant (Aj), the ordering of the hyperfine levels within the 
F5(E) doublet depends on the signs of Aj and of the expectation values of Jz, (E+IJZIE+). Since 
(a) the hyperfine coupling constant is positive for the ~F5 multiplet of the Ho3 + ion 
(Sec.2.4.1.2), and (b), according to Mujaji’s crystal-field fitting result on the CaF?: Ho3+ C4v 
centre (Mujaji 1992), (E+IJZIE+) is negative, the IE+, + -  ) hyperfine levels will have the 
highest energy.
For an isolated singlet state, since (Jz)sjngiet = 0, the hyperfine structure arises mainly from the 
nuclear electric-quadrupole interaction,
%  = P{lz - y l ( l + l ) } ,  (5.8)
7 5which will split an isolated singlet into four doubly degenerate hyperfine levels (m = ± -  , ± -  , 
± -  , and ± -  ) with separations 6P, 4P, and 2P, where P is the effective quadrupole coupling 
constant. The energies of the hyperfine states within the isolated A2 singlet in the excited 5F5 
multiplet are therefore given by
E > " )  =  E 2 +  P > 2 - f ) . (5.27)
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where (a) the superscript e is used to indicate that the singlet is in the excited multiplet, and (b) 
E0 and P4 are, respectively, the crystal field energy and the effective quadrupole parameter of 
the 5F5(A2) state. The corresponding total wavefunctions can be written as
| A2, m)e = { ^  {15, 4) + 15,-4)}+ q |  5, 0)} (5.28)
Using (a) the assignment of the hyperfine levels to the hyperfine lines in the 5I8(Aj, A?) —» 
5F5(A2) optical transitions made in Sec.5.4.1.1 together with (b) the experimental ground-state 
hyperfine splittings (Sec.5.3) and (c) the separations between the optical hyperfine lines (Table 
5.1), the ± ^ <-» ± |  and ± |  <-> ± |  hyperfine splittings in the excited-state 5F5(A2) singlets 
are determined to be 0.148(35) and 0.092(35) GHz, respectively (Fig.5.6). Due to the limited 
accuracy in determining the separations between optical hyperfine lines (± 0.050 GHz), the ± -  
<-> ± hyperfine splitting cannot be determined from the experimental data. Under the 
assumption of isolated 5F5(A0) singlet, P4 is calculated to be 0.024(5) GHz leading to the 
estimation of the ± |  ± \ hyperfine splitting of 0.048 (10) GHz.
5.4.3 Optical Transitions
The transitions 5Ig(A1? A2) —> 5F5(B j) are not allowed by the C4v electric-dipole selection 
rules, and are not observed in the excitation spectra. The high-resolution excitation spectra for 
the transitions 5I8(Ar  A2) —> 5F5(E, A2) exhibit resolved hyperfine structure (Fig.5.2). As the 
lowest two states in the excited 5F5 multiplet, an E doublet and a B { singlet, are separated only 
by 4.5 cm '1, the off-diagonal (transverse) hyperfine interaction may admix these two states 
(even if, as was mentioned earlier in Sec.5.4.2, there is no obvious evidence of such a mixing). 
On the contrary, the 5F5(A2) singlet is separated from its nearest neighbouring state (an E state) 
by 13.5 cm '1. It is, therefore, reasonable to treat the 5F5(A2) singlet as an isolated state. As a 
result, we will first consider the transitions 5I8(Aj, A2) —> 5F5(A2).
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Figure 5.6 Hyperfme energy level diagram for the 5I8{A1(0 cm '1), A2(1.7 cm '1)} and
5F5{A2( 15623 cm '1)} electronic singlets.
5.4.3.1 5I8(Al5 A2) —> 5F5(A2) Optical Transitions
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From the optical excitation spectrum, the energy separation between the hyperfine lines 
corresponding to the 5Ig{IA2,±^>'} —> 5F5{IA2,± | )e} and 5Ig{IAj,±| >'} 5F5{ IA2,±^ >e}
transitions (denoted respectively by L and R in Figs.5.2(c) and 5.2(d)) was measured by 
Fabry-Perot techniques to be 61.173 (100) GHz. Theoretically, under the assumption of the 
isolated 5F5(A,( 15623 cm'1)} electronic level, this separation can be expressed analytically as
{ e12(4 >  - :ea .<4> } -  { 4 (±2> - e a2(±i ) }
= 2 J ( A  - j  Pd) 2+ 42. C  = 61.173(100) GHz. (5.29)
From this relation and Eqns.(5.23), we get
= 30.587(50) GHz, (5.30 a)
= 28.292(50) GHz, (5.30 b)
= 26.653(50) GHz. (5.30 c)
As there are three equations and three unknowns, one can solve for A, Pd, and
Since (a) Aj(5Ig) is positive (Bleaney 1964), and (b), according to Mujaji (1992), (Jz)p  is also 
positive ( = 5.9125); £ = Aj (Jz)12 is, therefore, positive. Solving Eqns.(5.30 a) -  (5.30 c) then 
gives two possible sets of A, Pd, and £ (with positive values for A and Q:
(1) A = 25.542 (77) GHz, PJ = 0.055 (10) GHz, and l  = 4.890 (22) GHz, (5.31a)d
and
(2) A = 25.829 (24) GHz, P, = -0.055 (10) GHz, and l  = 4.593 (33) GHz. (5.31 b)d
By comparing the above results with those derived from the high field EPR experiments 
(Kornienko and Rybaltovskii 1972), the first set should be regarded as being the appropriate
set.
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Solving Ps = Pj + P2 = 0.015 (2) GHz, Eqn. (5.22), and Pd = Pj - P? = 0.055 (10) MHz, the 
values of Pj and P2 were found to be 0.035 (5) and -0.020 (5), respectively. All fitted 
parameters are summarized in Table 5.3. The values of the mixing coefficients a(m) and b(m) 
(Eqns.(5.16) and (5.17)), calculated from the fitted parameters, are listed in Table 5.4.
Table 5.3 Hyperfine parameters for the 5I8(A j, A^) —> 5F5(E, A2) transitions of the 
CaF2: H o3+ C4v centre.
Crystal-field State
$
Hyperfine Parameters
Ground 5Ig multiples
Aj(0 cm'1) Pt = 0.035(5) GHz
A2(1.7 cm'1) P2 =-0.020(5) GHz 
Aj<Jz>i2 = 4.890(22) GHz 
A = 25.542(77) GHz
Excited 5F5 multiplet:
E( 15609 cm'1) Aj<E+IJzIE+> = 0.808(35) GHz 
P3 = -0.016(6) GHz
A2( 15623 cm'1) P4 = -0.024(5) GHz
*  t
obtained by treating (a) two ground-state Aj and A2 singlets, (b)
excited-state E doublet, and (c) excited-state A2 singlet in isolation
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Table 5.4 The values of the mixing coefficients a(m) and b(m) calculated from hyperfine 
parameters given in Table 5.3.
m a(m) b(m)
±1 0.9562 ± 0.2926
0.9751 ±0.2216
±1 0.9903 ± 0.1390
0.9989 ± 0.0474
In the above procedure, we have used one datum from the optical excitation spectrum which has 
much less accuracy in comparison with the data obtained from the hyperfine ODMR 
experiments. The accuracy of the derived values, especially those of Pj and P9 which are 
expected to be of the order of tens of MHz, is therefore strongly dependent on the accuracy of 
the measurement of the separation between the hyperfine lines, which in this case is larger than 
the maximum scanwidth of the laser used in the experiment (30 GHz).
The intensity of an electric dipole transition between an initial state li) and a final state |f) is 
proportional to the square of the matrix element between |i) and |f) of the electric-dipole operator 
(D) and the population difference between the initial and final states;
I <‘l® |f> |2 ( p j ' Pf)’ (5.32)
where (ilDlf) is the electric-dipole matrix element linking the initial and final states, and pj and 
pf are the populations of the initial and final states. Assuming that the excited-state has a much 
lower population in comparison with that of the ground state, the intensities of the 5Ig(A9) —» 
5F5(A9) and 5I8(Aj) —> 5F5(A2) transitions can be expressed as (the projection number m of
100
the nuclear spin is conserved during the electric-dipole transition)
I 22(m) oc |a (m ) |2 J 22e x p ^ ^ ^ j  
and
I l2(m) cc |b(m)|2] 22e x p ^ - ^ ^ j
where (a)
71
22 8’ A 2^ F5’ A2>
(5.33)
(5.34)
(5.35)
is the absorption coefficient for the transition 5I8(A9) —> 5F5(A2) which is electric-dipole 
allowed in n (Table 4.1), (b) D is the electric dipole operator, and (c) the exponential term is the 
Boltzmann factor describing the distribution of the population among the ground state hyperfine 
levels.
The predicted pattern of the 5I8(Aj , A2) —> 5F5(A2) optical transitions at 4.2 K is shown in 
Fig.5.7 where (i) the hyperfine lines associated with the m = ± -  ± -  ± -  and ± -  levels are 
assigned a linewidth of Lorentzian shape with a  = 0.3, 0.325, 0.35, and 0.35, respectively, (ii) 
the mixing coefficients, a(m) and b(m), were calculated using the fitted parameters given in 
Table 5.3, and (iii) the optical transition parameter J 22 is treated as an adjustable parameter 
chosen to match the experimental spectrum. As can be seen, the predicted spectrum is in 
excellent agreement with the experimental spectrum.
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5.4.3.2 5Ig(A1, A2) —> 5F5(E) Optical Transitions
Once the hyperfme structures of the two ground-state singlets are established, some information 
about the hyperfine structure of the excited-state 5F5(E (15609 cm'1)} doublet can be obtained 
by using the data from the high-resolution excitation spectra of the 5I8(A }, A2) —> 5F5(E) 
optical transitions. As the 5I8(A j, A2) —> 5F5(E) transitions exhibit a partially-resolved 
hyperfine structure -  only four hyperfine lines A, B, K, and J (Figs.5.2(a) and 5.2(b)) 
corresponding respectively to the 5I8{IAl5 ±  ^)'} —> 5F5{IET, ± ^ )} , 5I8 { IAj, ± | )'} —> 
5F5{IEt , ± !>}, 5I8{IA2, ± | )') - »  5F5 ( IE±, ± j  >} , and 5I8{ IA2, ± | )') -A 5F5{1E±, ± §>} 
transitions are clearly resolved -  only part of the hyperfine structure of the E doublet can be 
established and this is shown in Fig.5.8.
If this E doublet is treated in isolation, then
Aj j (E J  JZ|E +) | + 6P3 = 0.711(50) GHz, 
and
Ae I <EJJ IE. )  I -  6P = 0.904(50) GHz.J I + z + '  I 3
Solving the above two equations gives
Ae | (E I J I E ) I = 0.808(35) GHz and P, = -0.016(6) GHz (5.38)
leading to the hyperfme structure as shown in Fig.5.9. As can be seen from Fig.5.9, the fact 
that the ground-state pseudoquadrupole splitting is as large as the hyperfine splitting in the 
excited-state electronic doublet gives rise to an unusual folded hyperfme transition pattern in the 
optical spectrum.
(5.36)
(5.37)
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Figure 5.8 Partial hyperfine energy level diagram of the excited 5F5{E( 15609 cm '1)}
doublet.
104
Iz p SFc p  h
7/2 E- 5 E +
z n  i I-1,*---- -5/2
1/2 . -3/2
i 0.808 GHz
- l /Z
3/o T
1/2
1 i j / Z
S/9
. m 7/o
£S
s
s
z:
55
P3 = - 0.016 GHz
z
- + 7 /0
A ,
~ T ~
2.340 GHz 
1 +5/0t
1.669 GHz 
1 ±3/0
0.873 GHz + 1/2
5I 1Ao 51.589 GHz
i + 1/2
0.843 GHz -4-9 /o
A 1.608 GHz
A , ___________________________ i_________
XJ/ Z
-FS/o
2.250 GHz 
1 +7/2
% ( a 2m 5f3cb)
J I H G FE DC B
______ / / _____
1 1 / /  1 1
0 5 -5
Frequency Offset (GHz)
Figure 5.9 The hyperfine energy level diagram and allowed optical transitions for 5I8(Aj) 
—» 5F5(E+) and 5I8(A2) > 5F5(E_). In zero field, the allowed transitions for 
5I8(A j) —> 5F5(E_) and 5I8(A2) —> 5F5(E+) are degenerate with the given
transitions and, hence, have been omitted.
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The 5I8(A j, A2) —> 5F5(E) optical transitions are allowed by the transverse (a) electric-dipole 
component (Table 4.1), and the group theory gives the following relationships between the 
electric-dipole matrix elements (Koster et al 1963):
<Ai |D +|E +> =  (A JD 'IE .)  = n ,  (5.39)
and
<A2|D +|E +> = -<A |D"|E_> = N ; (5.40)
where D + (!D‘) is the right (left) circularly polarized electric-dipole operator. Thus, the electric- 
dipole matrix elements for transitions from an Aj state to the two components of an E state have 
the same magnitude and phase, whereas those for transitions from an A2 state to the two 
components of an E state have the same magnitude but opposite phase.
Under the assumptions of (a) the Boltzmann population distribution among the ground-state, 
and (b) the zero excited-state population, the intensities of the 5I8(A1) —> 5F5(E±) and 5I8(A2) 
—> 5F5(E+) optical transitions can be expressed as
Aj, m)' —» I E+, m) : I iE+(m) °c | a(m)!M - b(m)N | exp^- 
A }, m ) '—> I E_, m) : 1 ^  (m) 00 | a(m)!H + b(m)X | exp^-
| Ay m)’ -4 I E+, m> : I 2£+(m) oc | b (m )n  + a(m)N | exp^
AE(m)
k T 
B >
AE(m)\
k T 
B 1
AE(m) \
k T 
B ) ’
and
I A2> m)' -> I E„ m> : (m) oc | b(m)M - a(m)N | exp^-
(5.41 a) 
(5.41 b)
(5.41 c) 
(5.41 d)
where the exponential term is the Boltzmann factor describing the distribution of the population 
among the ground state hyperfine levels. Fitting the spectrum, therefore, involves the two 
optical transition parameters, Tl  and IN.
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The predicted pattern for the 5I8(A2) — > 5F5(E) and 5I8(A1) —> 5F5(E) optical transitions is 
shown in Fig.5.10 for the case where the values of T t  and N are equal and at a temperature of 
4.2 K. Each of the hyperfine transitions of the two singlets is assigned a linewidth of 
Lorentzian shape with o = 0.3 and 0.25 GHz, respectively; and the mixing coefficients, a(m) 
and b(m), are calculated using the fitted parameters given in Table 5.3. Apart from the smaller 
predicted separation between the optical hyperfine lines C and D, corresponding respectively to 
the 5Ig{IA,, ± I )'} -»  5F 5)IEt , ± |> )  and 5I8{IA1, ± |> '}  ->  5F 5{IE±. ± |>} optical 
transitions, the predicted spectrum is in good agreement with the experimental spectrum.
The discrepancy between experiment and calculation concerning the optical hyperfine lines C 
and D arises as a result of the negligence of hyperfine interaction between the 5F5(E) and 
5F5(Bj) levels which are separated by 4.5 cm '1 (Fig.4.3). A treatment of this type of interaction 
follows the identical line to that considered in details for the CaF2: Ho3+ C3v (B) centre, which 
is presented in chapter 6 (Sec. 6.7) and published in Boonyarith et al (1993). An outline for the 
present case is given below.
The general form of the wavefunctions of the hyperfine levels within the isolated 5F5(E) and 
5F5(Bj) electronic states are (Sec.2.3)
lE+-m) =  {X, I 5,+3) + x 2 \5,±1) + X3I 5, ±5)} I y , m), (5.26)
and
| B I, m ) =  {T| (| 5, 2) -1 5,-2)) } | | ,  m>. (5.42)
By examining the above wavefunctions, it can be seen that the transverse hyperfine interaction, 
-  Aj{I+J_ + I_J+}, can admix the hyperfine components of the two states. Such a mixing can 
lead to the modification of the hyperfine structure within the two electronic states, the extent of 
which depends on the size of Aj ^E^IJ+IBj) (Boonyarith et al 1993). For the coupling between 
a 5F5(E) doublet with A j(E+IJzIE+) = -1 and a 5F5(B j) singlet separated by 4.5 cm '1 (135 
GHz), the separation between the IE±, ± - )  and IE±, ± -  > hyperfine levels is most susceptible 
to the strength of the transverse dipole hyperfine interaction (Fig.5.11). With an increasing of 
Aj(E? IJ+IBj), all hyperfine levels, except the IE+, + -  ) hyperfine levels, shift toward the 
higher energy but with a different rate. The shifting rate of the IE±, + - )  hyperfine levels is
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faster than that of the IE±, ± - )  hyperfine levels. As can be seen from Fig.5.9, such shifts will 
result in the larger separation between the hyperfine lines C and D. Another consequence of the 
coupling between a doublet and a singlet is the change in the total spread of the hyperfine 
structure (Fig.5.11). Using the data from the superhyperfine ODMR experiments (Sec.5.6), the 
hyperfine lines A and D can be assigned, respectively, to the Ig{IAj, ±->'} —> F5{IEq;, ± -  >} 
and I8 {IA j , ± —)'} —> F5 {IE±, ± -)}  optical transitions, and hence the separation between 
these two hyperfine lines is equal to the total spread of the 5F5(E) hyperfine structure. This was 
measured to be 5.781(50) GHz compared with the value of 7Aj |(E+IJZIE+)| = 5.656 GHz 
predicted under the assumption of the isolated 5F5(E) doublet. It can therefore be concluded that 
the 5F5{Bj( 15605.5 cm '1)} and 5F5{E( 15609 cm '1)} levels interact with each other via the 
transverse dipole hyperfine interaction. The mixing, however, is not strong enough to make the 
nominally group-theoretically forbidden 5Ig(Aj, A2) —> 5F5(Bj) transitions observable.
7
A*<E+|J jE +> = -1GHz
8 9 10
Figure 5.11 Hyperfine energy level diagram of an E doublet with Aj (E+IJZIE+) = -1 GHz 
and a Bj singlet separated by 4.5 cm '1 (135 GHz) and coupled by the 
transverse dipole hyperfine interaction.
109
The remaining differences between the experimental and theoretical spectra can be attributed to 
(a) inaccuracies in the temperature and, hence, the values used for the population of the 
involved states, (b) inaccuracies associated with normalization of the laser intensity with 
frequency, and (c) any errors in estimating the base line or zero-intensity level.
Comments on Fitting Parameters 
MThe fitted ratio of — =1 shows that, in the absence of hyperfine interactions, the two optical
N
transitions from the 5I8(Aj) and 5I8(A2) singlets to the 5F5(E) doublet would have equal 
intensity. This presumably arises because the crystal-field wavefunctions associated with the 
5I8(A j) and 5I8(A2) singlets have essentially the same magnitude in their coefficients for each 
IJ, Jz) component (Mujaji 1992). By symmetry, therefore, the odd-parity components of the 
5I8(A1) and 5I8(A2) crystal-field wave functions should also have the same magnitude, and this 
would result in equal transition intensities to a doublet state.
An earlier and less sophisticated fitting of the 5I8(Aj, A2) —> 5F5(E) optical excitation spectra 
was published in Martin et al (1993a). In that paper, the optical spectra had been fitted by (a) 
assuming that the hyperfine splittings within the 5I8(Aj) and 5I8(Aj) singlets are the same and, 
hence, the associated effective quadrupole constants (Pj and P2) are equal, (b) assuming that 
the ground-state quadrupole constants (Pj and P2) are so small that they can be neglected 
(leading to the quadrupole constant for the 5F5(E) doublet of -0.024(5) GHz), and (c) treating 
the 5F5(E) doublet in isolation with |AD| = 7Aj |(E+IJZIE+)| = 5.781(50) GHz (i.e., 
Aj |(E+IJZIE+)| = 0.826 GHz). This procedure coincidently gave the spectrum with a larger 
separation between the optical hyperfine lines C and D and, hence, looks closer to the actual 
situation. But the results of the ODMR experiments given in Sec.5.3 clearly show that these 
earlier parameters are not fully consistent with the later experimental data.
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5.5 Low Field Zeeman Experiments on Optical Transitions 
and Ground-State Hyperfine Resonances
5.5.1 Theory
In the presence of an applied magnetic field (it), the Zeeman interactions, described for well- 
separated multiplets by the Hamiltonian
electronic nuclear
K  = K  + H
Zeeman Zeeman Zeeman
= ja »H + ja »H
e n
=  “  S n ^ Nr * f f ' <5 -4 3 >
has to be taken into account. Here ge is the electronic spectroscopic splitting factor within a 
particular multiplet, gn is the nuclear g factor, and pB (|iN) is the Bohr (Nuclear) magneton. In 
comparison with the electronic Zeeman interaction, the effect of the nuclear Zeeman interaction 
is small and can normally be neglected in the first order (p.B = 1836 (iN). The axial component 
of the electronic Zeeman interaction, gep.BHzJz, can cause the mixing of the two electronic 
singlets in a similar manner as that caused by the axial component of the magnetic hyperfine 
interaction treated in Sec.5.4.1.2. As a result, in an applied magnetic field, the energies of the 
ground state hyperfine levels, IAj, m)' and IA2, m)', are given by
/ a  + ßx
E (m, H ) = (— + k ; (5.44)A1(A2)V z ' V 2 '  V
where
K = + ( v  + x ) 2
= J{A - i P> 2- f ) } 2+ I mAJ<Jz>12 + ^BSe<Jz>12Hz ) 2 - <5'45)
and
X = HBge(Jz) 12Hz ■ (5.46)
The predicted behaviour of the ground state hyperfine levels, IAj, m)' and IA2, m)', in an 
applied magnetic field is shown in Fig.5.12.
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Figure 5.12 Predicted behaviour of the ground state hyperfine levels, IAj, m)' and IA2, m)',
in an applied magnetic field.
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The low-field behaviour of the hyperfine levels IAj/2)> m>' can be obtained by expanding the 
corresponding energies, EA1(-A2)(m, ^ z), *n Power series of Hz, and keeping the terms up to 
first order in Hz,t
EA,(A2)(m' Hz> = I Ps ( m 2 - f )  +  7 { A - i Pd ( m 2 - f ) } 2 + { m A J<JZ>12}
{mAA > 12H ^ Bge<JZ>l2}
J { A - i pd(m 2 - ^ - ) }  + {mA<Jz>|2 }
\ H z + 0(H2). (5.47)
From the above equations, it can be concluded that in the low-field limit,
ea2 (+ ,hz) t  
ea2 ( - , hz) u , 
e a , ( - , h z) ft,
and
EAi (+,Hz) U.
5.5.2 Zeeman Experiments on the 5Ig(A1? A2) —> 5F5 (E) 
and 5I8(A2) —> 5F5 (A2) Optical Transitions
The low field Zeeman measurements (0 - 150 G) on the 5I8(A j , A2) —> 5F5(E, A2) optical 
transitions were conducted for the magnetic field (tf)  applied along the (111) direction 
(Fig.5.13). In this case, all the C4v centres presented in the crystal are equivalent, with their C4 
axis making an angle of either 54.74° or 125.26° with the field direction. Each zero-field 
hyperfine line observed in the 5I8(A j , A2) —> 5F5(E, A2) optical transitions is now split into 
two components and this is shown in Fig.5.14 for the fields of 132 G (a) and 176 G (b).
t Using
f(x) = a + 7^ (c + e x) {a + "\J b + c2 } + X + 2 K2e b
3 /  2 V b + (
x2 + 0(x3).
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Figure 5.13 Crystal Orientation for the low-field Zeeman experiments on optical transitions 
and ground-state hyperfme resonances.
For the magnetic field of 176 G applied along the <111) direction, the Zeeman splitting of the 
hyperfme line associated with the I8{ IA2, ± -)'}  —> F5 {IA2, ± -)}  optical transitions (line L) 
was found to be 1.222(50) GHz, Fig.5.14(b). For the excited 5F5(A2) singlet, since (a) there is 
no first order electronic Zeeman splitting (<Jz)singiet = 0), and (b) it is separated from its nearest 
neighbouring level by 13.5 cm*1, the Zeeman splitting, arising from the nuclear Zeeman and 
second-order electronic Zeeman interactions, is expected to be very small. The main 
contribution to the Zeeman splitting observed in the 5Ig(A2) —» 5F5(A2) optical transitions is 
therefore the ground-state Zeeman splitting. It can be concluded, then, that the Zeeman splitting 
of the 5Ig {IA2, ± ^ )'} hyperfme levels should be approximately 1.222 GHz.
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(a) H ~ 132 Gauss // <111>
(i) I {A (1.7 cm ')} => F {E(15609.5 cm '1)}
(ii) I {A (Ocm'1)} => F {E(15623.0 cm '1)}
(iii) I {A (1.7 cm '1)} => F {A (15623.0 cm '1)}
frequency offset (GHz)
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(b) H = 176 Gauss // <111>
(i) I {A a . 7 cm '1)} =» F (E(15609.5 cm '1)}
(ii) I f  A ,(O cm '1)) => F (E( 15623.0 cm '1)}
(iii) 5Ig{A2(1.7 cm '1)} => 5F5( A2(15623.0 cm '1)}
frequency offset (GHz)
Figure 5.14 Low-field high-resolution Zeeman excitation spectra (dashed traces) of the (i) 
5I8(A2) -»  5F5(E), (ii) 5I8(A,) -»  5F5(E), and (iii) 5I8(A2) ->  5F5(A2) optical 
transitions for the magnetic field It of (a) 132 G and (b) 176 G applied along 
the (111) direction.
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The Zeeman splitting of the hyperfine line associated with the Ig {I A2,± ^ )'} —> F5 {IE+, ± -)}  
optical transitions (line K) in the same field (176 G) was found to be 1.747(50) GHz. In 
principle, this splitting could be equal to either the sum or the difference of the ground-state and 
excited-state Zeeman splittings. The first possibility leads to the estimate of the Zeeman splitting 
of the excited-state F5{IET,± - ) }  hyperfine levels of 0.525 GHz, whereas the second 
possibility leads to the estimate of 2.969 GHz which is too large and, hence, clearly can not be 
the case. These conclusions are presented diagrammatically in Fig.5.15.
zero fieldH---------- H .  H = 176 G // (111) t |
energy separation (GHz)
13.5 cm IE. ,+7/2)0.711 T~Ü3T
4.5 cm
0.904 IE. ,-7/2)~ 0.53
~  1.22
2.340
81.3 cm ~ 0.93
1.669
0.872
51.084 GHz 51.589
0.842
~ 0.96
2.250
-  1.27
______yz______ yy  J__
K -H  H— H H
1.747 1.796 1.222
energy (GHz) —►
Figure 5.15 Zeeman splittings of the 5Ig{IA1, )}, 5I8{IA2, ± ^ )}, 5F5{IE±, ± ^ )} and
c  __ 7  *
F5{IE±, + -)}  hyperfine levels in the magnetic field of 176 G applied along
the (111) direction.
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5.5.3 Zeeman Experiments on Ground-State Hyperfine 
Resonance
The Zeeman hyperfine ODMR spectra associated with holebuming within the Ig{IAj, ± -  )'} 
—> 5F5{IEt , ± 7  >} optical transitions (line A) are shown in Fig.5.16 for the field of 44 G (b) 
and 88 G (c and d) applied along the (111) direction. As have been discussed earlier in 
Sec.5.3, the two resonances observed in zero field (Fig.5 .16(a)) correspond respectively to the 
5Ig{IAj, ± ^ )' <r-> IAj , ± I )'} and 5I8{ IA2, ± ^ )' <-» IA2, ± | )’} hyperfine transitions. 
Application of an external magnetic field lifts the degeneracy of the IAj, ± -  )', the IAj, ± -  )', 
the IA2, ± 2  )' an(i the IA0, ± - ) '  hyperfine levels. For the magnetic field of 44 G, both the 
5I8{IA1,-h |> ’} ->  5F5{IE_, -h I >} and 5Ig{IA1,- ^ )'} ->  5F5[IE+, - \ ) }  optical transitions can 
still be simultaneously excited by the laser (the associated hyperfine lines still overlap) leading 
to the observation of four resonances in Fig.5 .16(b) (associated with the 5Ig {I A j, - 1- ) '  f-> 
IA1?-§>■}, 5I8{IA2, - 1 >' <-> IA2, - 1 >'), 5I8{ IA,, + \  >• IA,, + !  )■), and 5I8{ IA2, + \  >' 
<-» IA2, + | )'} hyperfine transitions).
c  "I
For the magnetic field of 88 G, the hyperfine line A associated with the IgllA^ ± -  )'} —» 
F5{IE?, ± - ) }  optical transitions split into two components, one corresponds to the 
5I8(IAj, + 2  )'} ~^ 5F5{ IE_, + 1- ) }  optical transition and the other to the 5I8{IAj, - 1- ) ' }  —> 
5F5{IE+, - ^ )} optical transition. Exciting one optical component can, therefore, generate only
two hyperfine resonances -  either those associated with the IgjlAj, IA ,, - -  )'} and
5 7 5 * 5  7Ig{IA2, - - ) '}  <-> IA2, - hyperfine transitions or those associated with the I8{IAj, + -  )'
4-¥ IAj, and I8{IA2, + -)'< ->  IA2, + -)'}  hyperfine transitions. The spectrum shown
in Fig.5 .16(c) [5.16(d)] was obtained by tuning the laser frequency to saturate the higher
[lower] energy component while applying the microwave radiation to the sample.
The corresponding Zeeman hyperfine ODMR spectra associated with holebuming within the 
5Ig{IAj, ± I )'} 5F5[IET, ± I )} optical transitions (line B) are shown in Fig.5.17 .
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Figure 5.16 Zeeman hyperfine ODMR spectra associated with the Ig{IAj, ± -  )'} —> 
5F5{IEt , ± ^ )} optical transitions for the zero field (a), the field of 44 G (b), 
and 88 G (c and d) applied along the (111) direction. For the field of 88 G, the 
optical hyperfine line splits into two components, and the trace (c) [(d)] was 
obtained by exciting the higher [lower] energy component.
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1.50 1.60 1.70 1.80
microwave frequency (GHz)
Figure 5.17 Zeeman hyperfine ODMR spectra associated with the 5I8{IAj, ± | )'} —> 
5F5{!Et , ± I )} optical transitions for the zero field (a), the field of 44 G (b), 
and 88 G (c and d) applied along the (111) direction. For the field of 88 G, the 
optical hyperfine line splits into two components, and the trace (c) [(d)] was 
obtained by exciting the higher [lower] energy component.
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5.5.4 Comparison between Theory and Experiments
When the magnetic field is applied along the <111) direction,
E „ „ > )  = J ps( m 2- ^ f )A1(A2)
+ 7 { A - 2 Pd(m2- f ) } 2 + {mV JZ>,2 + iV e < Jz>12H}2- (5.48)
(Note that only the parallel component of magnetic field i t  can couple the two singlets). As can 
be seen from Fig.5.18, an excellent agreement between the observed Zeeman splitting and the 
predicted behaviour was obtained. In the low field (0-150 G) region, we have linear Zeeman 
effect and the solid lines in Fig.5.18 correspond to linear least-square fits of the experimental 
data. From the measured slopes, the value of ge(Jz>i2 ls estimated to be 7.59(26) in reasonable 
agreement with the previously reported value of 7.40(5) (Kornienko and Rybaltovskii 1972). 
The dashed lines are those predicted by the above full formula, Eqn.(5.48) using the zero-field 
fitted parameters given in Table 5.3 and the value of ge(Jz) i2 ° f  7.40.
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Figure 5.18 Comparison of the observed (symbols and solid lines) and predicted (dashed 
lines) Zeeman splitting behaviour for (a) the 5Ig{ IAj, ± ^ )’ <-» IAlt ± | )’} and 
5I8{IA2, ± ^)' <-> IA2, ± |) '}  hyperfme transitions; and (b) the 5Ig{IA1, ± | )' 
<-4 IAj, ± I )'}, and 5Ig{IA2, ± | ) '  <-> IA2, ± | )'} hyperfme transitions.
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5.6 RF-Optical Double-Resonance Experiments:
Ground State Superhyperfine Resonances
The superhyperfine resonances were detected using optically detected NMR techniques 
(Sec.3.5). This involved spectral holebuming using a Coherent 699-21 high resolution ring dye 
laser with a linewidth of ~1 MHz tuned to one of the hyperfine lines and hence caused bleaching 
of the absorption corresponding to a subgroup of Ho3+ ions within the sample. The RF field (in 
the 0-30 MHz frequency range) was applied to a five-turn 5 mm-diameter coil wrapped round 
the sample immersed in a pumped liquid helium bath at ~ 2K. The depth of the hole is recorded 
as a function of the frequency of the radiofrequency by monitoring the intensity of the emission 
at 15513.5 cm '1 which corresponds to a transition from the lowest level of the 5F5 multiplet.
In principal, the superhyperfine spectrum can be obtained with holebuming in any of the 
transitions to 5F5 multiplet levels. However, in practice the best signal-to-noise was obtained 
with holebuming in the lower energy transitions, 5I8 (Aj, A2) —> 5F5(E), Figs.5.19 and 5.20.
The ODMR spectrum is dependent on the hyperfine level involved (as selected by the optical 
frequency) and, hence, can be used to identify the nuclear spin state associated with the various 
spectral lines. For example, holebuming in one of the extreme spectral lines associated with the 
± -  hyperfine levels, such as line A, three prominent resonances are detected at 23.49 MHz and 
a doublet at 17.74 and 17.54 MHz along with weaker signals at 3.20, 2.85, 1.94, 1.28, 1.19, 
1.02, and 0.90 MHz. (Fig.5.19). By drawing analogy with the superhyperfine structure of the 
C4v centre of Pr3+ in CaF2 (Burum et al 1982), the highest frequency signal can be assigned as 
due to the interstitial F  ion, and the next two lower closely-separated frequency signals as due 
to the two sets of four nearest-neighbours F  ions. The four nearest-neighbour F  ions between 
the Ho3+ ion and interstitial F  ion are crystallographically equivalent and, therefore, give one 
resonance. The other four nearest-neighbour F  ions furthest from the interstitial F  ion are, 
likewise, crystallographically equivalent to each other and give the other resonance. It is worth 
noting that the observed larger intensity (~ 2 x) of the nearest-neighbour superhyperfine 
resonances, compared to the interstitial superhyperfine resonance, is to be expected given the 
presence of four equivalent nearest-neighbour ions compared to only one interstitial ion.
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Figure 5.19 Superhyperfine resonances detected by RF-optical double-resonance 
techniques, (a) 0.5-6 MHz and (b) 6-26 MHz. Spectra shown correspond to 
holebuming at six different wavelengths A-F (as indicated), within the 5Ig(Aj) 
—> 5F5(E) optical transition.
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Figure 5.20 Superhyperfine resonances associated with the 5I8(A2) —> 5F5(E) optical
transition.
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Beyond the nearest-neighbour (NN) and interstitial F  ions, it is expected, in the paramagnetic 
material, that the dipolar field from the magnetic moment of the Ho3+ ion becomes the dominant 
term compared to any exchange contribution. This assumption is supported by a comparison of 
the observed superhyperfine resonances at 3.20, 2.85, and 1.94 MHz with the three next- 
nearest-neighbour (NNN) resonances reported for the tetragonal (C4v) centre in CaF9: Pr3+ by 
Burum et al (1982). There is a scaling factor of 2.21(6) between the NNN resonances of the 
two centres which correlates with the larger moment present in the CaF2: Ho3+ C4v centre. 
Thus, the 3.20 MHz resonance can be assigned to the four NNN F  ions furthest from the 
interstitial, the 2.85 MHz resonance to the four NNN F  closest to the interstitial, while the 1.94 
MHz resonance belongs to the other sixteen NNN F  ions. The latter assignment, in particular, 
is strengthened by the observed larger intensity (~ 2 x) of the 1.94 MHz resonance compared to 
the 3.20 and 2.85 MHz resonances. Such a relative change in intensities is consistent with the 
assignment of sixteen, four, and four NNN F  ions, respectively, to the above resonances, and 
with the observed relative intensities of the NN and interstitial resonances mentioned earlier.
When the selected optical transition involves the ±  ^hyperfine levels, such as line B, there is a 
consistent reduction in the frequencies of the observed superhyperfine resonances which arises 
as a consequence of the change in the Ho3+ magnetic moment. The associated superhyperfine 
resonances are now observed at 18.35, 13.58, 13.48, 2.49, 2.22, 1.53, 1.02, 0.95, 0.82, and 
0.70 MHz (Fig.5.19).
3
For the ± -  hyperfine levels, the associated interstitial resonance is at 11.71 MHz and those for 
the nearest neighbour shell lie at 8.8 MHz (i.e. not resolved).
Finally, there are equivalent resonances when either one of the four hyperfine lines E, F, G, H 
associated with the ± ^ hyperfine levels is optically selected, and they lie in the region of 4 MHz 
and 3 MHz. Note from Fig.5.21, however, that these resonances have split. Ignoring this extra 
effect for the moment (treated in Sec.5.7) and assigning average values of 4.11 and 3.08 MHz 
for the interstitial and nearest neighbour resonances, respectively, the change in the frequency 
of the hyperfine resonances associated with the different hyperfine levels is due to their 
differing magnetic moments. The interstitial resonances occur, for example, in the ratio
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5.72:4.47:2.85:1. The frequencies of the nearest neighbour F  ions are all lower than that of the 
interstitial and display approximately the same ratio for the resonances of the various hyperfine 
levels (5.74:4.40:2.86:1).
; i
The observed superhyperfine resonances are all summarized in Table 5.5.
=  + - T
rf frequency (MHz)
Figure 5.21 Superhyperfine ODMR spectrum for the ± ^ hyperfine level indicating the
i  **
splitting of the interstitial and nearest-neighbour superhyperfine resonances. 
Signals below 3 MHz are, associated with more distant F  neighbours.
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Table 5.5 4.2 K superhyperfine ODMR frequencies (in MHz) for the interstitial (i),
nearest-neighbour (NN), next nearest neighbour (NNN), and next next 
nearest-neighbour (NNNN) 19F nuclei for the C4v (A) centre in CaF2: Ho3+ 
(0.0005 mole %) crystal.
laser
position
observed superhyperfine resonances (± 0.02 MHz) Ho3+
nuclear
state
(m)
i NN NNN NNNN
A 23.49 17.74, 17.54 3.20, 2.85, 1.94 1.28, 1.19, 1.02, 0.90 + z  “  2
B 18.35 13.58, 13.48 2.49, 2.22, 1.53 1.02, 0.95, 0.82, 0.70 + 5 ~ 2
C 11.71 8.80 1.53, 1.45, 1.02 0.70, 0.65, 0.52 + 3 
“  2
23.49 17.74, 17.54 3.20, 2.85, 1.94 — + 1  “  2
D 23.49 17.74, 17.54 3.20, 2.85, 1.94 1.28, 1.19, 1.02, 0.90 + 1  
~  2
11.71 8.80 — — + 3 “  2
E 18.35 13.58, 13.48 2.49, 2.22, 1.53 — + 5 ~ 2
4.21, 4.00 3.15, 3.00 — — + 1  _  2
F 11.71 8.80 — — + 3 -  2
4.21, 4.00 3.15, 3.00 — — + 1  “  2
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Table 5.5 (cont.)
laser
position
observed  superhyperfine resonances ( ±  0.02 M H z) H o3+
nuclear
state
(m)
i N N N N N N N N N
G 11.71 8 .80 — — +  3 
~  2
4 .21 , 4 .00 3 .15 , 3 .00 — — +  1  
“  2
H 18.35 13.58, 13.48 2 .49 , 2 .22 , 1.53 —
~  2
4 .21 , 4 .00 3 .15, 3 .00 — — +  1 
“  2
I 23 .49 17.74, 17.54 3 .20, 2 .85 , 1.94 1.28, 1.19 +  1  
~  2
11.71 8 .8 0 1.53, 1.45, 1.02 — +  3 
“  2
J 18.35 13.58, 13.48 2 .49 , 2 .22 , 1.53 1.02, 0 .95 , 0 .82 , 0 .70 +  5  
“ 2
K 23 .49 17.74, 17.54 3 .20, 2 .85 , 1.94 1.28, 1 .19 ,1 .02  0 .9 0 +  2  
“  2
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5.7 Analysis of Superhyperfine Resonances 
5.7.1 Enhanced Magnetic Moments
Normally there is no electronic magnetic moment associated with an electronic singlet (since 
(Jz>singiet = 0) but, here, due to the hyperfine interaction, the singlets obtain an effective 
moment which can be thought of as an electronic enhancement of the nuclear magnetic moments 
(Bleaney 1973). For the hyperfine states of the form of Eqns.(5.15 a) and (5.15 b), the 
effective magnetic moment for the 165Ho hyperfine levels are given by
4 Ho( A l ’ m) = '<Ar m IPHolA,.m>' = \ Ar m |-H BgeJ  + HNg„t| A(, m>'
= + 2a(m)b(m)pBge(Jz) i2 + mnNgn, (5.49 a) 
and
^Ho<A2’ m) = '<A2’ m|frHol A2’ m>’ = '<A2’ m |-^ B g4  + % gnr l A2’ m>'
= - 2a(m)b(m)|LiBge(Jz) i2 + mpNgn, (5.49 b)
where (i)
4 = £  (Ho) + jl (Ho) = - (j. (L + g S) + \ i  g t
Ho e n d s N n
= -HBgeJ  + HNgnI (5.50)
is the total magnetic moment for the Ho3+ ion, (ii) p.B (pN) is Bohr (nuclear) magneton, (iii) g 
ge, and gn are, respectively, the electron-spin, electronic, and nuclear g factors, and (iv) a(m) 
and b(m) are the mixing coefficients given in Eqns.(5.16) and (5.17). Since, for the hyperfine- 
coupled ground-state singlets m|iN «  a(m)b(m)pB(Jz)12, the magnitude of the effective field 
experienced by the neighbouring fluorine nuclei scales with the hyperfine-dependent effective 
electronic magnetic moment of the Ho3+ ion. The neighbouring F" ions have the nuclear spin F 
= ^ and, hence, each can have two orientations in the field of the Ho3+ ion. The observed 
superhyperfine resonance corresponds to the transition energy required to cause a fluorine spin 
flip, ± ~  However, within each singlet state, there are four possible field strengths
corresponding to the four degenerate hyperfine levels (m  = ± -  , ± - , ± - ,  and ± -  ) and so, 
for each set of equivalent F' ion sites, there will be four resonances. The ratio of the frequencies
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of these resonances will be proportional to the magnetic moments and, hence, the ratio in first 
order would be 7:5:3:1. Using Eqns.(5.49) and the parameters obtained earlier (Table 5.3), it is 
predicted that, in zero magnetic field, the effective magnetic moments of the hyperfine levels 
will be in the ratio 5.90:4.56:2.90:1. As can be seen from Table 5.6, the predicted frequencies 
are in excellent agreement with the experimental values (to within 1.5%).
Table 5.6 Observed superhyperfine ODMR frequencies and comparison with scaled 
values. Asterisks denote the values chosen to match experimental values.
neighbouring 19F nuclei
H o 3+
nuclear
state
(m)
superhyperfine frequencies (MHz)
experimental theoretical
interstitial
±7/2 23.49 23.49*
±5/2 18.35 18.14
±3/2 11.71 11.56
± 1/2 4.21, 4.00 3.98
nearest-neighbour
±7/2 17.74, 17.54 17.74*, 17.54*
±5/2 13.58, 13.48 13.70, 13.54
±3/2 8.80 8.73, 8.63
± 1/2 3.15, 3.00 3.01, 2.97
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Table 5.6 (cont.)
neighbouring ,9F nuclei
H o3+
nuclear
state
(m)
superhyperfine frequencies (MHz)
experimental theoretical
next nearest-neighbour
±7/2 3.20, 2.85, 1.94
* * * 
3.20 , 2.85 , 1.94
±5/2 2.49, 2.22, 1.53 2.47, 2.20, 1.50
±3/2 1.53, 1.45, 1.02 1.57, 1.40, 0.95
± 1/2 — 0.54, 0.48, 0.33
next next nearest- 
neighbour
±7/2 1.28, 1.19, 1.02, 0.90 1.28*, 1.19*, 1.02*, 0.90*
±5/2 1.02, 0.95, 0.82, 0.70 0.99, 0.92, 0.79, 0.69
±3/2 0.70, 0.65, 0.52 0.63, 0.59, 0.50, 0.44
±  1/2 — 0.22, 0.20, 0.17, 0.15
In contrast to the other interstitial resonances, rather than being degenerate, the interstitial 
resonances at ~4 MHz associated with the ±1/2 hyperfine levels are separated by 210 kHz 
(Fig.5.21). The resonances at ~3 MHz associated with the nearest neighbour F- ions similarly 
exhibit a doublet structure with an observed splitting of 150 kHz. The cause of these splittings 
is anomalous, originating from a mutual spin flip interaction of the holmium and fluorine nuclei 
(see Sec.5.7.3).
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5.7.2 Interstitial Superhyperfine Resonances associated with 
the Ho3+ m = ±7/2, ±5/2, and ±3/2 Hyperfine Levels
The Hamiltonian describing the superhyperfine interaction between Ho3+ ion and interstitial 
neighbouring fluorine nuclei can be written as (Sec.2.5 )
H  .  (Ho-F) =
superhyperfine
electronic
H  (Ho-F) + H
superhyperfine
nuclear
superhyperfine
(Ho-F), (5.52)
where
electronic
^superhyperfine^ 0  ^ ?*a *F  = y zpz + aA F- + J -FJ  •
and
nuclear _
H (Ho-F) = t«d*F
superhyperfine
d { izfz - 1 ( i+f. + lf+)} .
(5.53)
(5.54)
nuclear
Estimation of the splitting due to H  superhyperfme : The sizes of the H°3+ and F
nuclei (calculated from R = RQ A 1/3, A = mass number, RQ = 1.27 x 10~5 Ä) are, respectively, 
6.97 x 10'5 Ä and 3.39 x 10'5 Ä. For an undistorted cubic CaF9 structure at very low 
temperature, the separation between the Ho3+ nucleus and its nearest neighbour F~ nuclei is 
2.3536 Ä (Batchelder and Simmons, 1964). The magnetic interaction between Ho3+ and F' 
nuclei can, therefore, be described by using point dipole-dipole approximation. In this 
approximation, the magnetic field i t  generated by Ho3+ nuclear magnetic moment at a position 
r is given, in SI unit, by
H
3(p (Ho)*r) r 
n
P (Ho)
n ____ (5.55)
where p0 = 4n x  10'7 H-m'1 is the vacuum permeability. In polar coordinates (r, 0, (p),
% lVHo)
H r =  2  c o s  6  ; H 0 =  Sin 6  ; a n d  H <P =  ° -  <5  5 6 )
The magnetic field i t  is, therefore, different for each set of equivalent neighbouring fluorine 
nuclei. The interstitial F" nucleus located at 7  = (2.7178 Ä, 0, 0), will experience the Ho3 + 
nuclear magnetic field of
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f^ 0 2u (Ho) .4
H = ^ ----- = 2.0178x10 T.
r 471 3
(5.57)
{ using [jin(Ho)]max = 4.01 |aN, pN = nuclear magneton = 5.0507866 x 10'27 J T"1 }
Since it is known that F' nucleus has the frequency splitting ratio (v/H) of 40.054 MHz/T
(Weast 1989), the splitting of superhyperfine resonance associated with the interstitial F* due to 
.nuclear
H „ should be ~ 8.082 kHz. This is much smaller than the splitting of 210 kHz
superhyperfine
observed for the interstitial superhyperfine resonance associated with the m = ±  ^hyperfine 
nuclear
levels. The term H  can, therefore, be neglected in the first order as its effect is only
superhyperfine
to broaden the observed superhyperfine lines.
electronic
If we consider the two ground-state singlets in isolation, H  _ can initially be restricted
superhyperfine
to the axial interaction aj|JzFz. Using, as the basis wavefunctions, the direct products
I A , m, n) = I A ) x 11, m) x I F, n), 1 1(2) ' 1 1(2/ 1 7 7 (5.58)
where A ^2) describes the electronic state of Ho3+ ion and m (n) the nuclear state of the Ho3+ 
(F) ions, the Hamiltonian matrix is
I A , m, n) |A y m, n)
E0 - A + P,(m 2 - f) Aj(Jz>|2 + n
m A J<Jz>12 + n a ll<Jz>,2 E0 -A  + P i( m 2 - ^ )
(5.59)
The associated energy eigenvalues are
E (m, n) = E + | p (m2 -^ - )  
A 1(A2)V 7 0 2 s V 4 '
+ yji A " 1  Pd^ m2 ' T )  1 + l mAA > l2  + na/ Jz>12l  '
so that,
(5.60)
EA,(A2,(m ’ 7> - EA,(A2)(m - ?  - T )  ) 2+ 1 m AA > , 2 + 2 W u  ^
x / { A ' 2 Pd( m2' T ) }  + l mAj<JZ> i 2 - i a|A > i2 i  • (5.61)
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According to this approach, (a) the same set of superhyperfine resonances is predicted for both 
electronic singlets, and (b) there will be only one superhyperfine resonance associated with each 
set of neighbouring fluorines which is not sufficient to explain the observed superhyperfine 
spectrum associated with the m = ± d hyperfine levels.
The values of la^J^^I obtained by solving Eqn.(5.61) with
A = 25.542(77) GHz, Pd = 0.055(10) GHz, and Aj(Jz>12 = 4.890(22) GHz, 
are summarized in the following table:
m interstitial superhyperfine 
resonance (MHz)
1 all<Jz>12l
(MHz)
±7/2 23.49 (2) 41.98 (29)
±5/2 18.35 (2) 42.47 (31)
±3/2 11.71 (2) 42.55 (35)
± 1/2 4.105 (30) 43.31 (60)
where for the m = ±  ^ hyperfine levels, the average superhyperfine frequency was used.
5.7.3 Interstitial Superhyperfine Resonances associated with 
the Ho3+ m = ±1/2 Hyperfine Levels
Mutual Ho3+ - F' Nuclear Spin Flip: The occurrence of two interstitial superhyperfine 
resonances associated with the HoJ+ m = ± j  hyperfine levels can be explained by noting that 
the transverse component of the superhyperfine interaction,
H  = a (J F + J F ,)  - -J- d (I F. + I F J ,  (5.62)
also gives off-diagonal terms which, in principle, can lift the degeneracy of the direct product 
states IAj(2). ^ ) and IAj^ j, \  )• 1° this case, the transverse superhyperfine interaction can
be considered as the mutual Ho3+ - F  nuclear spin flip interaction between the Ho3+ m = ± ^ 
hyperfine states and the nuclear spins of neighbouring F  ions. The superhyperfine transitions
IA1(2)’ r  2 IA1(2)’ 2’ " 2 > and IAH2)’ 2 ^  IAH2)’ ’ ?  2  ^ wil1 noW occur at different
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frequencies (Fig.22) leading to the observation of two superhyperfine resonances associated 
with the Ho3+ m = ± ^ hyperfine states. If, as has been discussed before, this 'splitting' was to
nuclear
come solely from the dipolar nuclear superhyperfine interaction (H  ^ ), the magnitude
superhyperfine
would be ~ 8 kHz which is much smaller than that observed (210 kHz). In Sec.5.7.2, only 
interactions between the two ground-state singlets are considered. I f  allowance is made for 
hyperfine coupling between these singlet levels and their neighbouring doublet E state located at 
81.3 cm '1 higher in energy, then there are further contributions from the transverse hyperfine 
interaction, ^ A j{  J+I_+J.I+ }, which can also effect the observed splittings.
Due to the smaller mixing coefficients associated with the m = ± ^ hyperfine levels (Table 5.4), 
it is sufficient to take into account the effect o f hyperfine interaction by second-order 
perturbation theory. The resulting hyperfine-coupled wavefunctions are then used as the basis 
states for studying the effects o f the superhyperfine interaction. Neglecting the small quadrupole 
term (Hq), the hyperfine-coupled wavefunctions are
a  i + i y  r  v  ~ 2'
A (J ) 2 A M
a 1  + 1 \ -  — — I A 1  + ! \ _  J
f  2’ “  2 ‘  on I o’ ?’ - 9 /
1 , 1
, - ( d i + d 2)
+
2D 1 2’ v  “ 2
1
IE  3 + K  
2( D| + D )  -’ 2’ - ^ ’
V  2• ± f >
(5.63)
and
A (J > 2 A M
a 1  1 J_v — I a 1  +  1 \ , JN z/l2 , * 1  + i \  , J ip  1  +  I \
A l ’ ‘  2’ ±  2^ “  I A f  " 2’ ± 2^ + 2D l A 2’ 2, ± 2 / + f r^ . \  ' +’ 2 ’ “  V
1 2’ -  2/  ( D + D )  +’ 2v 1 2'
Vl5 A M
2(D , + D )
J I £ .1+1)*-■-» o’ — 9 / ’ (5.64)
where
<E+| I+|A  > = - <E.| J-l A,), (5.65)
and D j (D2) is the energy separation between the A j (A 2) and A 2 (E) electronic states, 
Fig.5.22. The corresponding energies are still degenerate:
EA l(m = ± 2’ n)
1 < V Jz>12>2 31 *AJM »2
( D  + D  )  v 1 2'
4
(5.66)
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electronic nuclear
Effects of r t  SUperhyperfine: Since contribution from  ^ is at most ~ 8 kHz,
electronic 1 1  i i
we will first consider the effects of H  .If the states I A, -  , ±->' and I A ,, -- , ± - >'
superhyperfme 1 2 2 1 2 2
electronic
are treated in isolation, then the Hamiltonian matrix associated with H  is
superhyperfme
1 1’ 2 ’ 2 ' 1 A — \1 1’ 2 ’ 2 ' 1 A r  -J- !> • IA -1  Mi A l ’ V  2 '
r  a (J ) A (J )If z / 1 2  r  z / 12
0 0 0
2 D
1
0
a (J ) A (J )If z / 1 2  J N z ' 12 4 a  A M 2 1 J 0
2 D
1 (D ] + D 2)
0
4 a±AjM2
a / J z ) i 2  A J ^ J z ) i 2
0
( D  + D  )  
v 1 2y
2 D
1
0 0 0
a„<Jz ) 12A / JZ>12
2 D 1
Therefore, in this approach, the mean frequency and the splitting of the superhyperfme 
resonances associated with the m = ± ^ hyperfine levels are given by (see Fig.22)
mean frequency :
a (J ) A (J )||\ z / 12 p  z/j
= 4.105(30) MHz, (5.68)
and
splitting :
8 a±AjM2
(D +D ) 
v 1 2J
0.210(20) MHz. (5.69)
Using the optical and hyperfine ODMR fitted values of Aj(Jz)12 and Dj (= 2A) given in Table 
5.3, the value of |a||(Jz)12| is calculated to be 42.88(39) MHz which is in agreement with the 
value of 43.31(60) MHz estimated under the assumption of two isolated singlets (Sec.5.7.2). 
Since ( D j + D2) = 83.0(5) cm '1, the value of |a±AjM2| is calculated to be (65.32 ± 6.23} x 
103 MHz2.
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Magnitudes and Signs of aj| and a_j_: The values of <JZ>12 and M, calculated from
Mujaji's crystal-field wavefunctions (Mujaji 1992), are 5.9215 and -3.7354, respectively. Since 
the value of Aj(Jz) 12 was already established to be 4.890(22), the value of the magnetic 
hyperfine-structure constant is therefore estimated to be 825.8 MHz. This is in reasonable 
agreement with the values of 812.1(1) MHz reported for the ground state of free Ho3+ ion 
(Bleaney 1964) and 839 MHz reported for Ho3+ in LiYF4 (Magarinö et al 1980). Using
(Jz) i2 = 5.9215, M = -3.7354, and = 825.8 MHz;
the estimated values of |aj and |a j  are
I a j =7. 24 MHz and | a |  = 5.67 MHz. (5.70)
This leads to 4 possibilities in the values of the two associated parameters aQ and a_, defined inb p
Sec.2.5 as (Ranon and Hyde 1966, Abragam and Bleaney 1970, Bleaney 1988)
as = 3 {ail + 2a± l  and ap = 3- { an - ax T  (5-71)
which are listed in the following table (all the values are in MHz):
aN (exp.) aj_ (exp.) as (exp.) ap (exp.) adiD(calc.) anon-dip
(1) 7.24 5.67 6.19 0.52 4.57 -4.05
( 2 ) 7.24 - 5 .6 7 - 1 .3 7 4.30 4 . 5 7 - 0 . 2 7
(3) -7.24 5.67 1.37 -4.30 4.57 -8.87
(4) -7.24 -5.67 -6.19 -0.52 4.57 -5.09
where (a) the dipolar contribution adip is calculated from Eqn.(2.103) for the interstitial fluorine 
under the assumption of undistorted CaF2 lattice in which r = 2.7178 Ä at liquid helium 
temperature (Batchelder and Simmons 1964),
a = - 9  dip 471
, 2  e
h  Y Y
- ^ ( 3 c o s 20 - l ) " = h* J_o
471
h y y
'Ho'F , \-------—  f 3 cos 6 - 1)
2n r
{using y^o = 1.08572 x 105 ^ ^ ,  and yF = 25.1662 x 104 
and (b) the non-dipolar contribution anon_dip is calculated from
Since the f electrons of lanthanide ions are highly localized near the nucleus, the magnetic 
interaction between the 4f electrons and the nuclear moment of a neighbouring ion is expected to
be close to the dipolar interaction (Bleaney 1988), i.e., the value of ap should be close to that of 
adip. Using this criterion, it can then be concluded that (1) and (4) give the values of ap that are 
too small, while (3) gives a somewhat too large value for anon dip. The most likely values of a(|, 
aj_, as and ap are, therefore,
a„ * 7.24 MHz, a± « -5.67 MHz, as * -1.37 MHz and ap = 4.30 MHz,
which lead to the superhyperfine energy level diagram shown in Fig.22.
The occurrence of two interstitial superhyperfine resonances associated with m = ± ^ hyperfine 
levels can, therefore, be explained by including the next ground-state crystal-field level which is 
an E doublet located at 83 cm '1 higher in energy.
Note: In Martin et al (1993a), the electronic superhyperfine interaction between the Ho3+ and
interstitial F ' ions was treated as consisting of the pure dipolar and exchange 
interactions. The electronic superhyperfine parameters (an and a±) were written, in 
terms of the dipolar and exchange parameters (Adip and Aex), as
a, = A + A II ex ,dip ’
and
— A 
4  dip
The A,, and Aexp parameters are, therefore, related to the as and ap parameters by
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nuclear nuclear
Inclusion of superhyperflne: I f  the presence of « superhyperfine 15 also taken into account, 
then
mean frequency :
a (J ) A (J ) 
ii\  z / 1 2  r  v \ d
2
and
4.105(30) MHz, (5.72)
splitting :
8a A M 2 
l  J
(D  + D  )  
v 1 2J
+ 2d 0.210(20) MHz. (5.73)
For axial fluorine, the expression for the parameter d in H
nuclear
superhyperfine
is, Eqn.(2.96)
J “ o .d =  ——  
471
r fc2
h y  y
H3O F ( l - 3 c o s 2e) * = h< %  o 2n \(1 - 3 cos 6 ) >
L r  J L 1 2 tc r  J
Substituting for h = 1.054 572 66 x 10'31 yHo = 5.4873 x 104 and yp = 25.1662 x 
104 ^  ; we obtain for an interstitial F  ion which has f  = (2.7178 Ä, 0, 0)
d = -  2.31 (72) kHz, (5.74)
where the error quoted is estimated for 10% lattice distortion. This value of d yields |a||<Jz) j2| = 
42.87(39) MHz, and |a±A jM 2| = {63.88 ± 6.24} x 103 M Hz2. By using
<Jz) i2 = 5.9215, M  = -3.7354, and A ; = 825.8 MHz; 
the estimated values of |aj and |a j  are
I a j  = 7.24 MHz and | a J = 5.54 MHz. (5.75)
The values of the interstitial superhyperfine parameters associated with the ground electronic 
state 5Ig(A j) are summarized in Table 5.7.
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Table 5.7 Interstitial superhyperfine parameters associated with the ground-state 5I8(A j) 
singlet
Ho3+
superhyperfine parameters
nuclear (a) (a) (b) (c) (d) (e) (0 (g) (h)
state lall<Jz)l2l lajAjM2! an a± as aP adip anon-dip d
(m) (MHz) x 103 
(MHz2)
(MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (kHz)
±7/2 (i) 41.98
(29)
— 7.09 — — — 4.57 -2.31
±5/2 (i) 42.47
(31)
— 7.17 — — — 4.57 — -2.31
±3/2 (i) 42.55
(35)
— 7.19 — — — 4.57 — -2.31
±1/2 (i) 43.31
(60)
— 7.31 — — — 4.57 — -2.31
±1/2 (j) 42.88
(39)
65.32
(6.23)
7.24 -5.67 -1.37 4.30 4.57 -0.27 -2.31
±1/2 (k) 42.87
(39)
63.88
(6.24)
7.24 -5.54 -1.28 4.26 4.57 -0.31 -2.31
(a) obtained by fitting zero-field frequencies
(b) using (Jz) 12 = 5.9215 (Mujaji 1992)
(c) using M = <E+IJZIA1> = - <EJJ_IAj> = - 3.7354 (Mujaji 1992), and Aj = 825.8 MHz. 
<d> as =  5  { a n +  2 a x  1 •
(e) 3p = 3 1 ail ' aX 1
ft2/  Y
-----^2-24 (3  cos20 - l )
-----
>
/-—
-cII
11
—4 j z AY»O3F ( 3 cos20 - i ) ]  'r3 J 271 r J
^  anon-dip ap " adip
( h ) d  =  Ä '
ft2 Y Y
« o F ( l - 3 c o s 2 e ) ' =  h<
1
471
^ Yho3Yf (1-3cos29)1►
L r J [ 2 7 t r  J
(i) obtained by treating two ground-states singlets in isolation and neglecting ^supeXyperfine
(j) obtained by taking into account an E doublet located at 83 cm '1 but neglecting tt™ ^er^ y^ rfine
(k) obtained by taking into account an E doublet located at 83 cm '1 and ^superiyperfine
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5.8 Zeeman Experiments on Interstitial Superhyperfine 
Resonances
5.8.1 Theory
In the presence of an external magnetic field (it), the Hamiltonian which describes the Zeeman 
splitting of the superhyperfine levels for the system consisting of the rare-earth ion at the site of 
C4v symmetry in CaF2 and the interstitial fluorine is given by (neglecting the effect of other 
fluorine ions )
H
electronic
free ion cf ^iiyperfine superhyperfine + H Zeeman’ (5.76)
where (a) « free ion, H cf, J t hyperfine, and « superhyperf|ne are respectively the free-ion, C4v 
crystal-field, hyperfme, and electronic superhyperfine Hamiltonians, (b)
electronic 3+ nuclear 3+ nuclear
H  = H  (Ho ) + H  (Ho ) + H  (F)
Zeeman Zeeman Zeeman Zeeman
=  -  g ^ NT* H  - (5.77)
is the Zeeman Hamiltonian, (c) p.ß [pN] is the Bohr [nuclear] magneton, (d) ge is the electronic 
g-factor of the Ho3+ ion within a particular multiplet, and (e) gj = gn(Ho) [gF = gn(F)] is the 
nuclear g-factor of the Ho3+ [F] nucleus. For the case where an external magnetic field l l  is 
applied along the (100) direction, there will be two inequivalent sets of the C4v centres: the axial 
(C4 (z) axis // Ö) and transverse (C4 (z) axis _L fl) centres. The Zeeman Hamiltonian for the 
axial centres will contain only axial components of the angular momentum operators J , T , and
T:
axial centre
i
Zeeman
g Li HJ - g Li HI -g  | i  HF . 
®e“ B z &r N z ®F N z
(5.78)
For the transverse centres, the Zeeman Hamiltonian will contain transverse components of the 
angular momentum operators T , T , and F* (Jx , Ix , and Fx ) which can be written in terms 
of the raising and lowering operators J+, I+ , and F±:
transverse centre
Zeeman
i g eHBH(J+ + J.) - i §IHNH(I+ + U - 7 gF^ NH(F+ + F ). (5.79)
143
By (a) using, as the basis wavefunctions, the direct products
Al(2)’ m’ n) = I Ai(2)> x I m> x I F’ n)’ (5.58)
where A ^  describes the electronic state of Ho3+ ion and m (n) the nuclear state of the Ho3+
(F') ions, and (b) considering the two ground-state singlets in isolation (which is adequate for 
7 5 3the m = ± -  , ± —, and ± -  hyperfine levels), the Hamiltonian matrix for the axial centres is 
I A , m, n) |A  , m, n)
Eo- A + P (m2 - f )  - (mg + ngp) ^ H  m A / V i /  na„<Jz) 12+ ge^B<Jz>12H
mAJ<Jz) ,2  + na„<Jz>12 + ge^B<Jz>12H V  A + P,(m 2 - ) - (mg[+ n g ^ H
. (5.80)
The energy eigenvalues are 
axial centre 1 / ? \
EA1(A2) (m ’ "• H) =  E0 +  I  Ps ( m -  T )  -  m g / NH -  ngF^NH
{mAJ<Jz) i2 + na|1(J2) ]2 + ge(Jz) 124BH }2 . (5.81)
The superhyperfme splittings of the fluorine ion are obtained from Eqn.(5.81) by taking the
difference in energy between levels with n = + ^ and n = - ^ :
axial centre i axial centre i
EA1,A2, (m' i ' H) - E A,(A2) (m- T  H) =  " « A «
?  7{ A ‘  2 Pd (m2-  f ) } 2 + (  mAJ<Jz>,2 + 2 V Jz>,2 +  ge < U , A «  ) '
± 7^  -  I  Pd (m2-  f )  I '  + 1 mA/ Jz>12 -  7  au<Jz>12 + ge<Jz>, A »  ) 2 (5 8 2 )
An approximate expression for these energy differences is t
f Using
l~2 2 _ f~2 7 -
y b  + (c + ex) = + y  b + c +
2 k 2ec _ e bx +
J X s  V3 2 2 -  b + c
x2 + 0(x3).
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axial centre i axial centre i 0
E (m, — H) -  E (m, H) = + AE
A1(A2) 2 ’ A1(A2) 2 ’ ’  A1(A2)
+ 1 -  gF^ N + / 2 ■
. / { A - y P  (m 2- ^ - ) }  + {m A  (J ) + | a ( J )  }
L 2 dv 4 / J  1 Jx z ' i 2  2 IP z ' i 2 J
{ mV Jz > 1 2 - T aj<Jz>i2 } ge<Jz>,2 T ,n
„ / { a - | p (m 2- ^ - ) } 2+ {m A  (J ) - ] - a < J )  }~
\ J  1 2 dv 4 / J  1 JN z ' i 2  2 ||x z/ 12J
+ o ( h 2) + ... , (5.83)
where
AE
A1(A2)
axial centre i axial centre i
E (m, — 0) -  E (m, 0)
A1(A2) 2 ’ '  A1(A2) V 2 ’ '
3 T {  7 { A "  2 Pd(m2-  t )  } 2 + { mV Jz>,2 + I  a„<Jz>12 } 2
-  V{ A -  2 Pd(m2-  f )  } 2 + { " ^ > . 2  -  2 ail<Jz>i2 } 2 }  • (584)
Expanding Eqns.(5.83) and (5.84) in a power series of A '1 and keeping only terms up to first 
order;
axial centre i axial centre i r ,
E (m, | , H ) - E  (m, 4 ,  H)
A 1 (A2) v 2 ’  A1(A2) v 2 '
mA (J ) a (J )
J \ z / \ 2  I I '  z ' l
+  j  -  g  Li +
ge^Jz)i2  a| / Jz)i2  /  -2 \ 1 /  2 \
------------ -------------- + 0 (A  ) /  H + 0 (H  ). (5.85)
It is clear from Eqn.(5.85) that the Zeeman splitting associated with the I Alt m, n) state is 
different from that of the IA2, m, n) state and, hence, there is a separate superhyperfine 
resonance frequency associated with each hyperfine state. Due to the strong hyperfine mixing 
between the two lowest electronic states, more accurate estimates o f the magnitude of the 
Zeeman splittings are obtained by substituting the previously fitted values for
A = 25.542 GHz, Pd = 0.055 GHz, A j<Jz>12 = 4.890 GHz, ge0 z>i2 =  1 A '  
gF = 5.25454, nB = 1.39962 x 10-3 ^ ,  HN = 0.76226 x 10’6 ^  ,
and
all<Jz>12 = 4198 (m = ± \  ), 42.47 (m = ± §), 42.55 (m = ± | ) MHz,
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into Eqn. (5.82). The estimated splittings for the Aj state are: 13.80 kHz/G (m = ± -), 16.65 
kHz/G (m = ± ^), and 19.30 MHz (m = ± |); and for the A2 state: 5.75 kHz/G (m = ± ^), 8.65 
MHz/G (m = ± ^), and 11.30 MHz (m = ± |). Note that the resultant Zeeman splittings are 
much greater than the bare moment of 4.0 kHz/G for the fluorine ion.
5.8.2 Experiments
The oriented CaF2: Ho3+ (0.0005 mole %) single crystal was mounted in a 5 tum RF coil in a 
glass cryostat and cooled to pumped helium temperatures, Fig.5.23. The laser irradiating the 
sample was tuned in frequency to a hyperfine line. The optical pumping depopulates the 
resonant hyperfine and superhyperfine levels and results in a decrease in the laser absorption 
(holeburning). When the radio frequency is coincident with a ground-state superhyperfine 
resonance is applied, the population is restored to the resonant ground state resulting in an 
increase of the laser absorption and the consequent emission. The RF signal was swept from 0- 
30 MHz and the magnitude of the optical emission signal was recorded and averaged for 
repeated sweeps.
Figure 5.23 Orientation of the CaF2: Ho3+ (0.0005 mole %) crystal used in the Zeeman
experiments on the interstitial superhyperfine resonances
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Fig.5.24(a) shows the interstitial superhyperfine ODMR spectrum obtained for holebuming in 
the hyperfine line A which corresponds to the Ig{IAj, ± —)} —4 F ^ IE ^ , ± -)}  optical 
transitions. For the case where an external magnetic field is applied along the (111) direction, all 
C4v centres are equivalent and the optical hyperfine lines split into two components. The 
interstitial superhyperfine ODMR spectra associated with holebuming in the two Zeeman split 
optical transitions in a field of 136.5 Gauss are displayed in Figs.5.24(b) and 5.24(c). Burning 
the higher [lower] energy Zeeman component gives two signals at higher [lower] frequencies, 
Fig.5.24(b) [5.24(c)], whereas only one superhyperfine double-resonance signal is expected.
The equivalent interstitial superhyperfine ODMR spectra obtained for holeburning in the 
hyperfine line K corresponding to the I8{IA2, ± - ) }  —4 F5[IE+, ± -)} optical transitions is 
shown in Fig.5.25. The same set of superhyperfine resonances are observed but now with 
comparable intensity. In this case, burning the higher [lower] energy Zeeman component gives 
two signals at lower [higher] frequencies, Fig.5.25(b) [5.25(c)]. The stronger signals observed 
in Figs.5.24(b) and 5.24(c) are, therefore, taken to be associated with the ground electronic 
state resonant with the laser, whereas the weaker signals associate with the non-resonant 
electronic state. The depth of the optical hole is determined by the dynamic equilibrium between 
optical pumping, optical decay, electron-electron spin flips and nuclear-nuclear spin flips, and 
the ODMR signal is a measure of the change in the dynamical situation caused by the RF. The 
second signal occurs due the combined effect of the RF and fast electron spin flips between the 
two electronic states.
The lower intensity of the superhyperfine resonances associated the resonant 5I8(A2) electronic 
singlet in comparison with those associated with the non-resonant 5I8(A j) electronic singlet, 
Fig.5.25, can be attributed to the fact that the 5I8(A2) singlet is lying 1.7 cm '1 above the 5I8(A,) 
singlet, and hence is of less population.
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H = 136.5 G // <111>
Frequency Offset (MHz)
Figure 5.24 Interstitial superhyperfine spectra associated with holebuming in the ± 
hyperfme line of the 5Ig(A1) —> 5F5(E) optical transition in the zero field (a), 
and in a field of 136.5 Gauss applied along the (111) direction (b) and (c). The 
associated optical spectra are shown on the top right comer.
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Figure 5.25 Interstitial superhyperfine spectra associated with holebuming in the ± 1-  
hyperfme line of the 5I8(A2) —> 5F5(E) optical transition in the zero field (a), 
and in a field of 136.5 Gauss applied along the (111) direction (b) and (c). The 
associated optical spectra are shown on the top right comer.
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H = 89.54 G//<100>
Frequency Offset (MHz)
Figure 5.26 Interstitial superhyperfine spectra associated with holeburning in the ± 1-  
hyperfine line of the 5Ig(A1) —> 5F5(E) optical transition in the zero field (a), 
and in a field of 89.5 Gauss applied along the (100) direction (b) and (c). The 
associated optical spectra are shown on the top right comer.
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When an external magnetic field is applied along the (100) direction, there will be two 
inequivalent sets of the C4v centres: the axial (C4 (z) axis / /8 )  and transverse (C4 (z) axis _L ll)  
centres. The zero-field optical hyperfine lines belonging to the axial centres will split into two 
components, whereas those which belong to the transverse centres will not (see insert 
Fig.5.26). The interstitial superhyperfine ODMR spectrum obtained for holeburning in the 
hyperfine line A corresponding to the Ig{ IAj, ± -)}  —» F5 {IE? , ± -)}  optical transitions in a 
magnetic field of 89.54 Gauss applied along (100) direction are displayed in Fig.5.26(b) for 
transverse centres, and in Figs.5.26(c) and 5.26(d) for axial centres. As can be seen from 
Figs.5.26(c) and 5.26(d), the observed frequencies for axial centres (22.10, 22.82, 23.98, and 
24.82 MHz) are in good agreement with those predicted for the coupled pair of ground-state 
singlets, Eqn.(5.88), shown by the vertical solid lines (22.23, 22.95, 23.98, and 24.70 MHz). 
The occurrences of these superhyperfine resonances are explained diagrammatically in 
Fig.5.27.
rf? -24.0
23.49 MHz ~T02
2.340
81.3 cm' ~ 22.9
0.872
51.084 GHz 51.589
~  22.2
2.250
<^- 23.49 MHz ~ 1.04
~ 24.7
n
+ 1/2
- 1/2
- 1/2
+ 1/2
+ 1/2
- 1/2
- 1/2
+ 1/2
h----------------- zero field ---------------- *------------  H 89.5 G / / (100) ------------H
axial centre
7
Figure 5.27 Behaviour of the interstitial superhyperfine levels associated with the m = ± -  
hyperfine levels in a magnetic field of ~ 89.5 G applied along (100) direction.
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5.9 Conclusions
This chapter reports novel effects which arise when two neighbouring electronic singlets are 
strongly coupled by the axial hyperfine interaction AjJzIz. The interaction gives rise to 
anomalously large pseudoquadrupole splittings within both the 5I8(A j) and 5I8(A2) ground- 
state singlets separated by 1.7 cm '1. As a result, fully resolved hyperfine structures within both 
the 5I8(A2) — > 5F5(A2) and 5I8(A j) —> 5F5(A2) optical transitions are observed. The latter 
transition, which is nominally group-theoretically forbidden, gains its intensity from the former 
through the hyperfine mixing of the ground state singlets.
The two lowest energy optical transitions , 5I8(A2) —> 5F5(E) and 5I8(A1) —» 5F5(E), exhibit 
spectral holebuming (-100%) with hole-lifetimes of about 15 ms. This makes it possible for 
ground-state hyperfine splittings to be directly measured by using the microwave-optical 
double-resonance technique. Two sets of hyperfine resonances, corresponding to hyperfine 
transitions within the two ground-state singlets, were simultaneously observed indicating that 
the two singlets are strongly coupled.
The ground- and excited-state hyperfine parameters obtained from the analyses of the zero-field 
optical and the ground-state hyperfine ODMR spectra are summarized in Table 5.3.
The hyperfine mixing also leads to the ground-state hyperfine levels with significant but 
different orbital angular momentum. The magnitude of the associated magnetic moment is -pe 
and the Ho3+ ion exerts a field of -0.1 Tesla on the neighbouring fluorine ions. As a result, 
superhyperfine-level splittings of several MHz were detected. Superhyperfine structure of this 
magnitude is frequently observed for degenerate electronic states but rarely has it been observed 
in association with electronic singlets. The hyperfine dependence of orbital angular momentum 
results in the unusual situation that there are four superhyperfine resonances for each set of 
equivalent neighbouring F  ions -  four times the number of superhyperfine resonances to that 
normally observed.
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It has further been observed that the interstitial superhyperfine resonances associated with the m 
= ± ^ hyperfine states are no longer degenerate but split by 210 kHz. This anomalously large 
superhyperfine splitting has been shown to arise as a result of the transverse hyperfine coupling 
of the ground state singlets to an E state located at 81.3 cm '1 higher in energy.
The ground-state interstitial superhyperfine parameters, derived from the zero-field ground-state 
superhyperfine ODMR spectra, are summarized in Table 5.7.
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Chapter 6
High-Resolution Laser Spectroscopy of the 
Trigonal (C^w) Ho3+ centres in CaF2
In the CaF2: Ho3+ C3v (B) centre, a Ho3+ ion replaces a Ca^+ ion and charge compensation is 
achieved by an incorporation of an extra F" ion at a next-nearest interstitial position along one of 
the trigonal (111) axes. The lowest crystal-field level in the ground 5Is multiplet of this Ho3+ 
centre is an E doublet, and hence optical transitions to all seven crystal-field levels (Aj + 2A2 + 
4E) of the excited 5F5 multiplet are observed (Fig.6.2). In contrast to the case of the CaF2: 
H o3+ C4v (A) centre discussed in Chapter 5, the next ground-state crystal-field level (an E 
doublet) is quite far away -  located at 27 cm*1. Separations between the seven 5F5 crystal-field 
levels are, however, comparatively smaller being 1.5, 7.5, 5, 9.7, 0.8, and 18.5 cm"1, 
respectively (Fig.6.3). In this chapter, it will be shown that it is the mixing between these 
excited-state levels that is responsible for the unusual features observed in low-temperature 
high-resolution excitation spectra (Sec.6.7).
The ground-state superhyperfine spectra also exhibit an unusual structure (Sec.6.9). Four 
doublet-structured superhyperfine resonances were observed with separations within each 
doublet depending on which Ho3+ hyperfine level was optically excited. This doublet structure 
will be shown to arise as a result of hyperfine interactions between three ground-state doublets 
(Sec.6.9.2). The high-resolution spectroscopic techniques described in Chapter 3 were again 
employed to investigate the nature of this Ho3+ centre.
The layout of this chapter is shown diagrammatically in Fig.6.1.
154
Ö8.
ot>
J3
Oco
U
;u
re
 
6.
1 
La
yo
ut
 o
f C
ha
]
155
The observed 4.2 K high-resolution 5I8 —> 5F5 excitation spectra are presented in Sec.6.1 
wherein the presence of extra hyperfine lines in the second and third lowest energy transitions 
are noted and crystal-field assignments are made. The polarizations of the three lowest energy 
optical transitions are then determined in Sec.6.2. After a brief discussion about mechanisms 
responsible for the spectral holebuming observed in this Ho3+ centre in Sec.6.3, the results of 
the microwave-optical double-resonance experiments, which directly give the ground-state 
hyperfine splittings and ground-state hyperfine parameters, are reported in Sec.6.4. The 
determination of hyperfine structure of the excited 5F5 states is then presented in Sec.6.5. In 
Sec.6.6, the results of the two-laser holebuming experiments performed in order to investigate 
the origin of the extra hyperfine lines are reported. Theoretical analysis of wavefunction mixing 
between close-lying singlet and doublet levels are given in Sec.6.7 followed by comparisons 
between experimental and theoretical spectra in Sec.6.8. The analysis of the RF-optical double­
resonance experimental results is presented in Sec.6.9 followed by conclusions in Sec.6.10.
6.1 High-Resolution Site-Selective Excitation Spectra:
The Presence of the Extra Hyperfine Lines
The low-temperature high-resolution excitation spectra, associated with the seven transitions 
observed in the 5Ig —» 5F5 optical region within the trigonal (C3v) centre of Ho3+ in CaF0: 
Ho3+ (0.0005 mole %) crystal, are shown in Fig.6.2. These spectra are obtained by using a 
high resolution Coherence 699-21 Ring Dye Laser (linewidth ~ 1 MHz) as an excitation source, 
and detecting the excitation spectrum by monitoring fluorescence at 6434.8 Ä. Except for the 
highest energy transition, the anticipated well-resolved eight line hyperfine patterns are present 
in all observed transitions. The three lowest energy transitions exhibit ~ 100% spectral 
holeburning (with hole-lifetime ~ 15 ms), making it possible for several double-resonance 
experiments to be conducted. The studies described in this chapter are therefore concerned 
mainly with these three transitions.
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Separations between the optical hyperfine lines observed in the four lowest energy transitions 
are summarized in Table 6.1.
Table 6.1 Separations between hyperfine lines observed in the four lowest energy 
transitions
optical transition
separation between 
optical hyperfine lines 
(± 0.050 GHz)
1: 5I8{(E(0 cm'1)} —» 5F5(A2( 15604 cm'1)}
A-B = 3.401 
B-C = 3.560 
C-D = 3.688 
D-E = 3.854 
E-F = 3.969 
F-G = 4.181 
G-H = 4.320
2: 5I8{(E(0 cm'1)) ->  5Fj {E(15605.5 cm '1))
A-B = 3.276 
B-C = 3.329 
C-D = 2.422 
D-E = 2.813 
E-F = 2.934 
F-G = 2.800 
G-H = 2.501 
C-C = 1.249 
D-D' = 1.372
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Table 6.1 (cont.)
optical transition
separation between 
optical hyperfine lines 
(± 0.050 GHz)
3: 5I8{(E(0 cm '1)} ->  5F5(E(15613 cm '1)}
H-G = 2.929 
G-F = 2.958 
F-E = 2.982 
E-D = 3.023 
D-C = 2.443 
C-B = 3.129 
B-A = 2.970 
D’-D = 1.386 
C-C = 1.387
4: 5Ig{(E(0 cm '1)} ->  5F5{ A2(15618 cm '1)}
A-B = 4.158 
B-C = 4.030 
C-D = 3.910 
D-E = 3.874 
E-F = 3.769 
F-G = 3.676 
G-H = 3.577
Separation between the hyperfine line H of transition 1 and the 
hyperfine line A of transition 2 is 17.737 GHz.
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As can be seen from Fig.6.2, there exists extra features (denoted by asterisks) which are clearly 
observed in the second and third lowest energy transitions. These features are the focus of 
attention in this chapter. Two high-resolution spectroscopic techniques -  optically detected 
nuclear magnetic resonance (ODMR) and two-laser holeburning -  will be used to assist in 
identifying the origin of the features.
At helium temperatures, only the lowest level of the ground 5Ig multiplet is populated, 
therefore, seven transitions observed in the 5Ig —» 5F5 optical transition region (Fig.6.2) are 
associated with transitions to the seven crystal-field levels of the 5F5 multiplet. By examining 
the C3v selection rules (Table 4.2), it can be concluded that, for transitions to all seven 5F5 
crystal-field to be observed, the ground state must be an E doublet.
According to the C3v selection rules (Table 4.2), transitions between a singlet and a doublet are 
group-theoretically electric-dipole allowed only in a  (x, y) polarization, whereas those between 
two doublets are group-theoretically electric-dipole allowed in both c  (x, y) and n (z) 
polarization. Each polarization can give rise to a set of eight hyperfine lines spaced at either the 
sum or the difference of the ground and excited state hyperfine separations and the intensity of 
any one of the sets will be independent of the other sets. In association with each singlet to 
doublet transition, there will be only one set of eight hyperfine lines. Whereas, unless the 
intensity of one set is zero (which is quite unlikely to occur), two sets of eight hyperfine lines 
are expected for each doublet to doublet transition.
The following conclusions can therefore be made from the lineshapes of the observed optical 
transitions:
(a) Transitions 1, 4, and 5, clearly consist of one set of eight hyperfine lines and hence the 
associated excited-state crystal-field levels are singlets.
(b) Disregarding the presence of the extra hyperfine lines, the remaining pattern of transitions 
2 and 3 is the pattern that one would expect for transitions between two doublet states. 
The associated excited-state levels are therefore doublets.
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(c) The symmetry of the excited states associated with transitions 6 and 7 cannot be 
determined from the observed lineshapes. However, as there are three singlets in the 
excited 5F5 multiplet, and all of them are already identified, it can therefore be concluded 
that the excited-state crystal-field levels associated with transitions 6 and 7 are doublets.
The symmetry of the associated crystal-field levels of the 5Ig and 5F5 multiplets are therefore 
determined, and the assignments are summarized in Fig.6.3. The resultant assignments are 
consistent with those made by Mujaji (Mujaji 1992, Mujaji et al 1993) on the basis of more 
precise and more extensive polarized excitation and emission spectra and, in the case of the 
excited state singlet levels where our data is insufficient, the specific singlet and A2 
assignments of Mujaji et al. (1992) were accepted.
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Figure 6.3 Crystal-field energy level diagram for the ground 5Ig and the excited 5F5 
multiplets of the CaF2: Ho3+ C3v centre.
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6.2 Polarization of 5I8{E(0 cm-1)} —» 5F5{ A2(15604 cm-1), 
E(15605.5 cm-1), E(15613 cm-1)} Optical Transitions
As mentioned earlier, in C3v symmetry, transitions between two doublets are group- 
theoretically electric-dipole allowed in both a(x, y) and n(z) polarizations, and each polarization 
can give rise to a set of eight hyperfine lines spaced at either the sum or the difference of the 
ground and excited state hyperfine separations. However, for the CaF0: Ho3+ C3v centre under 
investigation, each of the E - E transitions is dominated by one set of eight hyperfine lines. In 
the case of transition 2 (and coincidently transition 3) it is the closer spaced set of eight 
hyperfine lines (labelled A to H) corresponding to the difference of the ground and excited state 
hyperfine separations that is the stronger set. It is then necessary to determine the polarization of 
the dominant pattern.
In CaF0 crystals, there are 8 different orientations of C3v centres. The angle between the C3 
axes of two inequivalent C3v centres can be either 70.53°, 109.47° or 180°, Fig.6.4. In zero 
field, this leads to some difficulties in determining the polarization of each optical transition, as 
it is impossible to selectively excite only one type of C3v centre. Fortunately, such difficulties 
can be overcome by applying an external magnetic field in an appropriate direction. It is 
important to note that the presence of an applied magnetic field will destroy the axial symmetry 
of C3v centres having their C3 axis not parallel to the field. As a result, only those C3v centres 
having their C3 axis parallel (or antiparallel) to the field still exhibit axial symmetry, and it is 
only from these centres that the polarization of optical transitions can be unambiguously 
determined. Therefore, for the purpose of determining the polarization, the magnetic field must 
be applied along one of the (111) directions. In this case, there will be four sets of C3v centres:
(a) those with C3 axis parallel (0°) to the field,
(b) those with C3 axis antiparallel (180°) to the field,
(c) those with C3 axis making an angle of 70.53° with the field,
and (d) those with C3 axis making an angle of 109.47° with the field. Clearly, the 
polarization of optical transitions can be determined from the centres belonging to the first two 
sets in which the axial symmetry is still conserved.
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Since, for each centre, Zeeman splittings are determined by H cos 0 , where H is the magnitude 
of the magnetic field and 0 is the angle between the C3 axis and the field direction; the first two 
sets, (a) and (b), will exhibit the same splittings. The same conclusion also applies to the last 
two sets, (c) and (d). It is clear that the splittings of hyperfme lines belonging to the first two 
sets will be larger than those belonging to the last two sets.
O i l )
<i f i>
< 001)
< 111>
70.53°
< 110)
Figure 6.4 Orientation of the CaF2: Ho3+ crystal
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The orientation of the CaF2: Ho3+ crystal used in this experiment is shown in Fig.6.4. The 
direction of propagation of the laser is along the (112) direction and is perpendicular to the 
magnetic field which is applied along the (111) direction. In a high enough magnetic field, the 
hyperfine lines belonging to the (a) and (b) sets (which exhibit larger Zeeman splittings) will 
separate from those belonging to the (c) and (d) sets (which exhibit smaller Zeeman splittings). 
By polarizing the laser along the (111) [or (HO)] direction, only the 7t(z)- [o(x, y)-] polarized 
transitions of the C3v centres having the C3 axis parallel (a) or anti-parallel (b) to the field will 
be excited. The strength of each polarization can then be determined from the intensity of the 
outermost hyperfine lines of the associated excitation spectrum.
The 7t(z)- and a(x, y)-polarized Zeeman spectra associated with the 5I8{E(0 cm '1)} —» 
5F5{A2(15604 cm '1)} and 5Ig{E(0 cm"1)} —> 5F5{E(15605.5 cm"1)} optical transitions 
(transitions 1 and 2) in the magnetic field of 0.5 Tesla applied along the (111) direction are 
shown in Fig.6.5. Changing the laser polarization from the (111) (ti) to the (110) (o) directions 
enhances the outer hyperfine lines of the optical transition 1, but suppresses the outer hyperfine 
lines of the optical transition 2. It can, therefore, be concluded that the optical transition 1 is 
electric-dipole allowed in a(x, y), as predicted by group theory for doublet to singlet 
transitions, whereas the optical transition 2 is electric-dipole allowed mainly in n (z).
Fig.6.6 displays the observed 7t(z)- and g(x, y)-polarized Zeeman spectra of the 5I8{E(0 cm"1)} 
—» 5F5{E(15613 cm"1)} optical transition (transition 3). In this case, changing the laser 
polarization from the (111) (7t) to the (110) (o) directions enhances the outer hyperfine lines 
leading to the conclusion that this transition is electric-dipole allowed mainly in a  (x, y). Due to 
the narrowness of hyperfine lines associated with the optical transition 3, it is possible to assign 
the observed split hyperfine lines to the two inequivalent sets of C3v centres. The hyperfine 
lines belonging to the axial symmetry conserved centres, the (a) and (b) centres, are denoted by 
1 to 16; whereas those belonging to the (c) and (d) centres are denoted by T to 16’.
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(a) zero field
(b) H // <111) : k
(c) H H(111> : o
-40 -30 -20 -10 10 20 30 40
Frequency Offset (GHz)
Figure 6.5 Observed k  (z)- and a  (x, y)-polarized Zeeman spectra of the 5I8(E(0 cm '1)) 
5F5{A2(15604 cm '1)) and 5Ig{E(0 cm '1)) 5F5(E(15605.5 cm '1))
optical transitions in an applied magnetic field of ~ 0.5 Tesla alpng the (111)
direction.
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(a) zero field
(b) H // <111) : 7i
(c) H / / ( l l l )  : o
Frequency Offset (GHz)
Figure 6.6 Observed k  ( z )- and g (x, y)-polarized Zeeman spectra of the 5Ig{E(0 cm '1)} 
—> 5F5{E(15613 cm*1)} optical transition.
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Transitions 2 and 3, therefore, exhibit different polarization behaviours. The strong hyperfine 
lines in the case of transition 2 are polarized parallel to the trigonal axis (z) and, as these 
hyperfine lines are separated by the difference in the hyperfine splittings, it can be concluded 
that (i) the hyperfine levels in the initial and final state are in the same order and (ii) the Ho3+ 
magnetic moment has the same sign in the ground state and the second excited state of the 5F5 
multiples The reversed situation in transition 3 means that the third excited state of the 5F5 
multiplet has a magnetic moment of the opposite sign to that of the ground state and the second 
excited state.
In the above brief analysis it is taken that the optical pattern is composed of two sets of eight 
hyperfine lines, one strong and one weak. This is not entirely correct as in both the cases of 
transitions 2 and 3 there are two extra lines of intermediate intensity within the spectrum 
(Fig.6.2). With the reversal of the polarization behaviours, it is convenient to also reverse the 
labelling of the order of the eight hyperfine lines A to H making the extra lines in both 
transitions lie between B and C (denoted C) and between D and E (denoted D'). These features 
have an unusual origin and accounting for their presence is the primary concern of this chapter. 
The structure in transition 3 was reported by Hasan (Hasan et al 1990), but no analysis of the 
structure was given.
Another curious feature of the 5Ig —> 5F5 excitation spectrum is that transition 3 exhibits the 
narrowest hyperfine lines with a linewidth of ~ 680 MHz, even though the transition is to the 
third state in the excited 5F5 multiplet. The narrowest linewidth is usually characteristic of the 
lowest level within a multiplet. The reason for this alternative situation here is not investigated 
in this thesis but clearly the nature of the wavefunctions associated with transition 3 must result 
in it being less susceptible to frequency shifts arising from random internal crystal stresses or 
there is slow relaxation between this state and the two lower ones (Yatsiv 1962).
6.3 Spectral Holebuming
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The three 5Ig{E(0 cm '1)} —> 5F5{ A2(15604 cm '1), E(15605.5 cm '1), E(15613 cm '1)} optical 
transitions (transitions 1, 2, and 3) within the trigonal centre of Ho3 + ion in CaF->: 
Ho3+(0.0005 mole %) crystal exhibit ~ 100% spectral holeburning. There are several 
mechanisms responsible for the holebuming observed in this Ho3+ centre. The observation of 
strong superhyperfine resonances (Hasan et al 1988), Sec.6.9, implies that the dominant 
mechanism for holebuming is the nuclear spin flips within the frozen core of neighbouring 19F 
nuclei surrounding the Ho3+ ion while the centre is in an optically excited state — the so-called 
superhyperfine mechanism (Macfarlane et al. 1981, Burum et al. 1982, Macfarlane et al. 1984).
Holeburning due to optical pumping of the holmium nuclear spin is also observed via the 
observation of hyperfine resonances (Boonyarith et al 1993), Sec.6.4 . Unlike the case of the 
CaF2: Ho3+ C4v (A) centre, the ground-state hyperfine resonances observed in this C3v centre 
are quite strong. This situation is unusual as, in axial symmetry, the z component of the Ho3+ 
nuclear spin is a good quantum number, and hence holebuming due to optical pumping of the 
Ho3+ nuclear spin is not expected in zero field. The observation of strong hyperfine resonances 
therefore implies that there must be a significant change of Ho3+ nuclear spin states occurring in 
the excited state. Such a loss of nuclear spin memory will result in an increasing of branching to 
the other hyperfine levels of the ground state which makes it possible for the ground-state 
hyperfine splittings to be determined experimentally by using a hole-burning microwave-optical 
double-resonance technique. Due to the smaller separations between the associated 5F5 crystal- 
field levels (Fig.6.3), it is most likely for such a change of nuclear spin state to occur in the 5F5 
multiplet. In Sec.6.7, it will be shown that the transverse component of the hyperfine 
interaction, ^ Aj(I+J_ + I_J+), can produce a significant mixing between Ho3+ nuclear spin 
states (Boonyarith et al 1993). It will also be shown that it is this hyperfine mixing that is 
responsible for the presence of the extra features observed in the optical excitation spectra.
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6.4 Microwave-Optical Double-Resonance Experiments: 
Ground-State Hyperfine Structure
The observed ground-state hyperfine ODMR spectrum obtained by placing the CaF2: Ho3+ 
crystal between the plates of a parallel-plate capacitor is shown in Fig.6.7. The spectrum is 
dependent on the hyperfine level resonant with the laser, but not on which of the three optical 
transitions is excited. The spectra shown are associated with the optical transition 3. When the 
laser is tuned to either of the extreme hyperfine lines (A or H), two ODMR signals are observed 
at 3.816(3) and 3.897(3) GHz, Fig.6.7(a). When the laser is tuned to the next lowest or highest 
hyperfine line (B or G), four ODMR signals are observed at 3.816(3), 3.828(3), 3.882(3), and 
3.897(3) GHz, Fig.6.7(b). Subsequent lines give less clear spectra with some of the same 
frequencies recurring, Fig.6.7(c). Central lines at 3.867(5) and 3.840(5) GHz have been 
observed but with less accuracy.
The Hamiltonian that describes the hyperfine interaction is given by (Sec.2.4.2)
hyperfine
H  + H
M Q
{ajV z + 2 a j( i+J- + I-J+)}  + + (61)
where (a) H M and H q are respectively the magnetic dipole and electric quadrupole hyperfine 
interactions, (b) Aj is the magnetic hyperfine-structure constant, and (c) P is the effective 
quadrupole coupling constant. For a rare-earth ion at a site of axial symmetry, the hyperfine 
separations within an isolated doublet E state are determined by the axial terms in the hyperfine 
Hamiltonian
H
axial
hyperfine
(6 .2)
In the case of the CaF2: Ho3+ C3v centre, the magnitude of the ground-state hyperfine 
separations can be accurately determined from optical-microwave double resonance 
experiments. For a Ho3+ ion in the ground 5Ig multiplet, Aj is positive (Bleaney 1964, 
Abragam and Bleaney 1970) and, hence, the order of hyperfine levels will depend on the sign 
of the expectation value of the z-component of the orbital angular momentum, (Jz) = (E+IJzIE+)
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= - (E_lJ 1E_). For the CaF2: Ho3+ C3v (B) centre, the ground state is an E doublet with a 
negative value of (Jz) (Mujaji 1992) leading to the ground-state hyperfine structure shown in 
Fig.6.8.
optical transition 3 
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Figure 6.7 1.8 K ODMR spectra for the CaF^: Ho3+ C3v (B) centre. Traces (a), (b) and
(c) correspond to holebuming in hyperfine lines A, B, and C of the third 
electronic transition, respectively. These spectra are obtained by placing a 
CaF2: Ho3+ crystal between the plates of a parallel-plate capacitor.
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Figure 6.8 Hyperfine energy level diagram and allowed c-polarized transitions for optical 
transition 3, 5Ig {E(0 cm*1)} ->  5F5{E(15613 cm*1)}.
173
In Sec.6.2, it has been established that the optical transition 3 is electric-dipole allowed in g(z) 
polarization; and, as the associated hyperfine lines are separated by the difference in the 
hyperfine splittings, the hyperfine levels in the initial 5Ig{E(0 c m '1)} and final 5F5(E(15613 
cm'^Jstates are in the opposite order (i.e., (Jz) is positive for the excited 5F5{E( 15613 cm-1)} 
doublet). The hyperfine energy level diagram and the allowed c-polarized transitions for optical 
transition 3, 5I8 {E(0 cm'1)} —> 5F5{E(15613 cm '1)}, are shown in Fig.6.8.
With the laser frequency coincident with a hyperfine transition, a subgroup of Ho3+ ions is 
excited from a ground state hyperfine level to an excited state hyperfine level. Reorientation of 
the nuclear spin can occur before the excited centre returns to the ground state. When this 
occurs, the Ho3+ ions will no longer be resonant with the laser thus producing a spectral hole. 
Irradiation at microwave frequencies corresponding to the separations between the hyperfine 
levels can, however, restore the ions to their original ground state hyperfine level and re­
establish resonance with the laser. This situation will be registered as an increase in absorption 
and subsequent emission. The response is termed, due to the analogous RF experimental 
technique, as an ODMR signal.
It is only microwave transitions between adjacent hyperfine sublevels that are allowed in first
H
order and when holebuming in the extreme line A, the lowest hyperfine level (IE+, ± - ) )  should 
only be repopulated when the transition with the adjacent level (IE+, ± | )) is excited, Fig.6.8. 
Here the basis states used are of the form IT, Iz), where T and I denote the z-component of the 
electronic and nuclear spins, respectively. Hence, for the laser resonant with the line A, the 
ODMR technique is expected to give a signal at frequency 87 = Aj|(Jz)| - 6Pg GHz. Similarly, a 
signal at frequency 5, = ATI(J )l + 6P GHz is expected for holeburning in the extreme line H. 
However, in both cases, two signals at 3.816(3) and 3.897(3) GHz are simultaneously 
observed and this arises because there is a fast reorientation of the electron spin in the ground 
state doublet between the two electronic components having the same nuclear projection. A 
similar effect has been observed in the ODMR spectrum of LaCl3:Ho3+ (Martin et al 1993b). 
Hence, with the laser resonant with either of the extreme hyperfine lines (A or H), two ODMR 
signals at 3.816 and 3.897 GHz are observed.
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With the laser resonant with the second highest hyperfine transition B, the IE+, ± ^ > levels in 
the ground state are depopulated and the population can be restored via transitions from the two 
adjacent hyperfine levels, IE+, ± -  > and IE+, ± -) . Hence, the frequency corresponding to the 
separation between the two lowest hyperfine levels, ö7 = Arl(J )| - 6Pct GHz, occurs plus the 
frequency corresponding to that between the second and third hyperfine levels, 06 = Ajl<Jz>l - 
4Pct GHz. With significant electron spin-flipping occurring, the frequencies for the two 
separations between the three highest sublevels of the E state, ö2 = Ajl(Jz)l + 4Po GHz and 6j = 
Ajl(J )l + 6Pa GHz, are also present. A similar but reversed situation occurs for holeburning in 
the second lowest-energy hyperfine line G. Experimentally, when holebuming in either the B or 
G hyperfine transitions, there are four resonances observed at 3.816(3), 3.828(3), 3.882(3) 
and 3.897(3) GHz. The progression is expected to be repeated for the other hyperfine lines, and 
this is partially true. However, for levels nearer the centre of the hyperfine pattern, population 
storage through a change in the nuclear spin projection directly competes with the electron spin- 
flip process and, in addition, these inner levels are more susceptible to inhomogeneous 
broadening. As a result of these effects, the additional hyperfine resonances do not give clear 
features in the ODMR spectrum (Fig.6.7(c)). Similar observation of strong ODMR signals 
when pumping extreme hyperfine lines and poor signals when pumping central lines has been 
noted before in another system (Martin et al 1993b).
In trying to explain the presence of the extra hyperfine lines C' and D', ODMR experiments 
have also been performed on these lines. The observed ground-state hyperfine ODMR spectra 
associated with holebuming in the extra hyperfine lines C  and D' are shown in Fig.6.9. These 
spectra were obtained by placing the CaF-,: Ho3+ crystal within a helix (Pearlman and Webb 
1967). The fact that the hyperfine lines C and C  (D and D') give the identical ODMR signals 
leads to the conclusion that they are all originated from the same ground state. The presence of 
the extra lines is therefore due to some extra-ordinary behaviour of the excited states. As can be 
seen from the energy level diagram shown in Fig.6.3, the energy separations between the four 
lowest states in the excited 5F5 multiplet are quite small -  being 1.5, 7.5, and 5 cm '1, 
respectively. Interactions between these levels might therefore be significant and, as will be 
shown in Sec.6.7, lead to the appearance of the extra lines.
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Figure 6.9 1.8 K ODMR spectra for the CaF2: Ho3+ C3v (B) centre. The last four traces
correspond to holebuming in hyperfine lines C, C , D, and D’ of the third 
electronic transition, respectively (as indicated). These spectra are obtained by 
placing a CaF2: Ho3+ crystal within a microwave helix.
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From the above analysis it can be seen that the frequencies obtained from the ODMR 
measurements give a very accurate measurement of the splitting of the hyperfine levels within 
the ground 5Ig doublet state. The remaining problem is to match the experimental and the 
theoretical frequencies. Since the number of observed signals is always twice the number 
expected, there are two possibilities in matching the frequencies. The first possibility is to set
W i -  6Pg = 3.816(3) GHz, (6.3 a)
M  <jz>i + 6Pg = 3.897(3) GHz, (6.3 b)
M  <JZ)I -  4Pg = 3.828(3) GHz, (6.3 c)
A jl <JZ)| + 4Pg
= 3.882(3) GHz, (6.3 d)
from which we get A j l(Jz)l = 3.855(3) GHz , and Pg = + 6.75(48) MHz. Another possibility 
is to assign
M  <jz)I 1 O
'
Gr
a = 3.897(3) GHz, (6.4 a)
M  < y i + 6Pg
= 3.816(3) GHz, (6.4 b)
A jl ( I z) l -  4pg = 3.882(3) GHz,
(6.4 c)
A j l ( J z) l + 4Pg = 3.828(3) GHz,
(6.4 d)
which gives A j |(JZ)| = 3.855(3) GHz, and Pg = -6.75(48) MHz.
Once the ground-state hyperfine splittings have been established, the hyperfine splittings in the 
excited state can be deduced from the separations between the associated optical hyperfine lines. 
As the excited 5F5{E(15613 cm '1)} doublet associated with optical transition 3 has a positive 
value of (J ), its hyperfine levels arrange in the opposite order to those of the doublet ground 
state, and the associated c-polarized optical hyperfine lines are separated by the differences 
between the ground-state and excited-state hyperfine splittings. The calculated excited-state 
hyperfine splittings are given in Table 6.2. The separation between the !E±, + - )  and IE+, + - )  
hyperfine levels (A5 in Fig.6.8) is calculated 1.397(50) GHz for Pa = +6.75(48) GHz, and 
1.424(50) GHz for P = - 6.75(48) GHz. In Sec.6.6, it w ill be shown that this separation
177
should be equal to the separation between hyperfine lines C and C'[and also between D and D'] 
which was measured to be 1.387(50) GHz [1.386(50) GHz]. It can therefore be concluded that 
the appropriate values of the effective axial dipole hyperfine coupling constant and the effective 
quadrupole splitting strength (electric quadrupole plus pseudoquadrupole) in the ground state 
doublet are
A„ = Aj<Jz> = - 3.855(3) GHz and Pg = + 6.75(48) MHz.
Table 6.2 Two possible Hyperfine structures of the excited-state 5F5 {E( 15613 cm '1)} 
crystal-field level associated with optical transition 3
experimental separation 
between optical 
hyperfine lines
calculated separation using 
ODMR ground-state hyperfine 
splitting
excited-state
5F5{E(15613cm'1)}
hyperfine splitting
hyperfine
line
separation 
(± 0.050 GHz)
1st possibility 
(positive Pg)
2nd possibility 
(negative Pg)
1st possibility 
(positive Pg)
2nd possibility 
(negative Pg)
AB 2.970 3 .8 1 6 -A? 3.897 - A7 A7 = 0.846 A7 = 0.927
BC 3.129 3.828 - A6 3.882 - A6 A6 = 0.699 A6 = 0.753
CD 2.443 3.840 - A5 3.867 - A5 A5 = 1.397 A5 = 1.424
DE 3.023 3.855 - A4 3.855 - A4 A4 = 0.832 A4 = 0.817
EF 2.982 3.867 - A3 3.840 - A3 A3 = 0.885 A3 = 0.858
FG 2.958 3.882 - A2 3.828 - A2 A2 = 0.924 A2 = 0.870
GH 2.929 3.897 - A, 3.816 - Aj Aj = 0.968 A, =0.887
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6.5 Hyperfine Structure of the Excited 5F5 States 
6.5.1 Lowest Singlet State 5F5{A2( 15604 cm-1)}
As seen in Fig.6.2, optical transition 1, 5I8{E(0 cm '1)} —> 5F5{A2( 15604 cm '1)}, has a simple 
eight line pattern as expected for an A —> E transition and, since the ground-state splittings are 
known from the above ODMR analysis, the excited-state separations are easily deduced from 
the optical separations. The excited-state splittings are listed in Table 6.3. The values rely on the 
measurement of separation of the inhomogeneously broadened optical lines and, consequently, 
the accuracy is poorer than those obtained for the ground state using direct microwave 
measurements.
For singlet states, the admixture of other states via the dipole hyperfine interaction gives rise to 
pseudoquadrupole shifts of the hyperfine levels of the same form as those arising from the 
electric quadrupole interaction (see Sec.6.7). Hence, the hyperfine levels of the excited state 
singlet can be fitted to a single effective quadrupole splitting factor of P = 0.08(2) MHz. The 
individual contributions to the splittings cannot currently be separated using the zero field 
experimental data, but the analysis given below (Sec.6.7) suggests that these splittings arise 
predominantly from the coupling with the adjacent E state.
6.5.2 Doublet States:5Fs {E(15605.5 cm-1), E(15613 cm '1)}
The expected pattern for an E —> E transition includes lines at the sum and difference of the 
hyperfine separations, and the majority of lines within the optical transitions 2 and 3 can be 
accounted for in this way. With the knowledge of the ground-state splittings, the optical 
frequencies can be used to determine the separations of the hyperfine levels in the excited E 
state, and they are listed in Table 6.3. It can be seen that there are irregularities in the spacing of 
the hyperfine levels. In particular, there is a larger gap between two of the central levels. The 
origin for this larger splitting is the subject of subsequent discussion in this chapter, and it will 
be shown that the extra lines, C  and D', involve the states with the larger splitting.
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Table 6.3 Energy separations between hyperfine levels of the four lowest crystal-field 
states -  A2, E, E, and A2 -  in the excited 5F5 multiplet
Crystal-field level 
(energy, cm '1)
Hyperfine
transitions2
Experimental 
hyperfine 
splitting15 
(± 0.050 GHz)
Calculated
hyperfine
splitting
(GHz)
±1/2 ++ ±3/2 0.057 0.129e
5F5<A2>
(15618 cm '1)
±3/2 ++ ±5/2 0.150 0.258e
±5/2 ++ ±7/2 0.250 0.389e
±7/2 ++ ±5/2 0.968 1.235e
±5/2 ++ ±3/2 0.924 1.145e
±3/2 ++ ±1/2 0.885 1.049e
5f 5(E) ±1/2 ++ +1/2 0.832 0.878e
(15613 cm '1) +1/2 ++ +3/2 1.397
[1.387]c
1.396e
+3/2 ++ +5/2 0.699 0.749e
+5/2 ++ +7/2 0.846 0.791e
+7/2 ++ +5/2 0.621 0.713f
+5/2 ++ +3/2 0.553 0.642f
5f 5(E)
+3/2+++1/2 1.445
[1.372]d
1.612f
(15605.5 cm '1) +1/2++±1/2 1.042 0.802f
±1/2 ++ ±3/2 0.906 1.038f
±3/2 ++ ±5/2 1.028 1.182f
±5/2 ++ ±7/2 1.314 1.326f
5f 5(a 2)
(15604 cm '1)
±7/2 ++ ±5/2 0.500 0.512
±5/2 ++ ±3/2 0.338 0.335
±3/2++±1/2 0.154 0.189f
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Table 6.3 (cont.)
a For the doublet states, the upper and lower signs are for |E+) and |E >, respectively. 
b Calculated from the difference between optical and ODMR spectra. 
c Measured directly from optical spectrum.
d Measured directly from optical spectrum. However, in this case, the presence of the 
weak allowed transverse (a) polarized lines and the larger linewidths (Fig.6.2 (b)) 
makes its more difficult to determined the exact positions of the extra lines.
e Obtained by treating the 5F5 {A2( 15618cm'1)} and 5F5 {E( 15613 cm '1)} levels as an 
isolated system with A,, = 1 GHz and |A J = 4.45 GHz (see Sec.6.8).
e Obtained by treating the 5F5{ A2( 15604 cm '1)} and 5F5{E( 15605.5 cm '1)} levels as an 
isolated system with A,, = -1 GHz and |A J = 2.82 GHz (see Sec.6.8).
6.6 Two-Laser Holeburning Experiments
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The observed two-laser holeburning spectra associated with optical transition 3 are shown in 
Fig.6.10. With one laser tuned to a single hyperfine line, the holebuming spectrum measured 
by the other laser gives a spectrum dominated by a hole on the resonant hyperfine line. In 
addition to this main hole, electron spin flips give a hole in the other doublet component with 
the same nuclear spin projection. There is also loss of nuclear spin memory during the optical 
cycle giving holes/antiholes on other hyperfine lines. This occurrence tallies with the ability to 
observe ODMR signals, however, the size of these additional holes are small and hardly 
discernible in Fig.6.10.
There is , however, a new feature observed in the holebuming spectrum of the B centre that is 
distinct from that previously reported for E —> E transitions. When the laser is used to saturate 
the absorption (bum a hole) at the extra hyperfine line C  (or D'), a hole of significant relative 
size is also observed on the adjacent strong hyperfine line C (D), and vice versa (Fig.6.10). 
This observation, together with hyperfine ODMR results (Sec.6.4), leads to the conclusion that 
the hyperfine lines C and C  (also D and D') originate from the same ground-state hyperfine 
level. To support this assignment, the separations between hyperfine lines C and C  and 
between D and D' must correspond to the separations between the associated hyperfine levels in 
the excited state. For optical transition 3, the separations of C-C and D-D' (Table 6.1) are 
consistent with the excited state separation determined from the optical and microwave data 
(Table 6.3). The value corresponds to the largest gap between adjacent excited state hyperfine 
levels and is, from the position in the hyperfine spectrum, associated either with the separation 
between IE+, + | ) and IE+, + | ), or between IE^, ± ^ ) and IE+, + | ). Allowing for the 
reversal of the ordering of the hyperfine lines, the holebuming behaviour is the same for optical
transition 2.
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A
Figure 6.10 Two laser optical holebuming. (a) The unburned spectrum of the optical 
transition 3. (b)-(e) The holebuming spectra associated with holebuming in the 
hyperfine lines D', D, C, and C , respectively. The asterisk^ are used to 
indicate the frequency of the bum laser.
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From the above, it can be concluded that the extra lines arise from transitions from a ground- 
state hyperfine level with a particular nuclear spin projection to an excited state with a different 
nominal spin projection. In the particular case of transition 2, it will be shown that (Fig.6.11) 
the regular hyperfine line C is associated with transitions from the ground 5Ig{|E+, + ^ )} states 
to the excited 5F5{|E±, + |>} states (i.e., 5I8{IE+, - 1>} —> 5F5{IE+, - 1)} and 5I8{I E |  >} 
—» I8{ IE , + -)} ),whereas the extra line C  is between the same ground states and the excited 
states with nominal designation 5F5{|E^5 ± ^ )} . a^ct> observation of the extra lines 
implies that a mixing has occurred and that one or both of the states with nominal designation 
5F5{|ET> ± ^ )} has a significant 5F5{|E+, + |>} component . This mixing is indicated in 
Fig.6.11 and its origin is discussed in the following section.
6.7 Hyperfine Interactions between Close-Lying Singlet 
and Doublet
The lower levels of the 5F5 multiplet are comprised of two singlet A2 states and two doublet E 
states all within a few wavenumbers (Fig.6.3). The above analysis of the two laser holebuming 
has shown that a specific type of mixing between these excited-state crystal-field levels has 
occurred, and the distinct character of this mixing is that only two out of the eight hyperfine 
levels have been significantly affected. What is the interaction that can cause such a mixing 
between these levels? The answer to this question can be obtained by considering the form of 
the wavefunctions of these crystal-field levels.
According to the group theory, the crystal field of C3v symmetry will split the excited 5F5 
multiplet into 7 levels:
5F5 ->  A +2 A2 + 4 E .  (6.5)
The general form of the wavefunctions associated with these crystal-field levels can be obtained 
from the group theory (Sec.2.3):
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(1) For a singlet of A} symmetry
5f y  I Aj) = a{ |5 ,  3) + I 5,-3)}. (6.6)
(2) For a singlet of A^ symmetry
5Fr  |A2) = P1{ |5 ,3 ) - |5 , - 3 ) }  + ß2|5,0>. (6.7)
(3) For a doublet of E symmetry
5F5 : |E ±> =Y1|5,+5>±y2|5,+2) + y3|5,±1)±Y4|5,±4>. (6.8)
From the form of the above wavefunctions, it is clear that one of the possible interactions 
between the two singlet and two doublet states in the excited 5F5 multiplet is the magnetic 
hyperfine interaction
i ,  x axial transverse
* m = AM+WV- + ‘- 0  = * M + « M (69)
By considering the effect of the hyperfine interaction, it is found that the admixture of nearby 
doublet states affects all sixteen hyperfine wavefunctions of an E state by a similar amount. This 
even mixing mechanism can, therefore, be dismissed as the origin of the two extra hyperfine 
transitions. The coupling between an E and an A state, however, does gives asymmetric mixing 
of the wavefunctions and will be discussed below.
The effect of the dipole hyperfine interaction on an E doublet and an A singlet (A} or A2) state 
separated by an energy D is considered. For simplicity, it is assumed that there is no interaction 
with any other state and that there is no quadrupole interaction. The total Hamiltonian, 
neglecting free-ion Hamiltonian (Hfree ion), is
axial transverse
H = H + H = H + K  + H
TOT crystal field M crystal field M M
(6 . 10)
The axial component of the dipole hyperfine interaction, AjIzJz, gives rise to the dominant 
hyperfine splitting of the E state. The transverse dipole hyperfine interaction, ^ Aj(I+J_ + I_J+), 
is the term that causes the admixture of the hyperfine components of the E and A electronic
states.
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By assuming that the unperturbed wavefunctions are the direct products of the electronic 
(crystal-field) and nuclear wavefunctions, it can be seen that, for the case of trivalent holmium 
ions which have the nuclear spin I = — , each hyperfine state IA, m+1) ( except I A, ± - ) )  
associated with the electronic singlet interacts with a pair of the doublet hyperfine states IE , m) 
and IE , m+2). Here m, m+1, and m+2 are the z-projection of the nuclear spin. The resultant 
energies are obtained by diagonalizing the Hamiltonian matrix,
IE+, m) IA, m+1) IE., m+2)
D + m A. 2  A1J(Tm)(I+m+l)
yA^I-mXl+m+l) 2 " A±V (I-m-1 )(I+m+2)
j  A/i 7(I-m-l)(I+m+2) D - (m+2) A|,
( 6 . 11)
where the matrix elements multiplied by the dipole hyperfine interaction parameters have been 
rewritten as effective dipole hyperfine interaction strengths Ah, A±, and A^ defined by
A „ =  A j<EA IE+> =  - V E- IJzIE-)'
Ax = A (E +IJ+IA> = A/AIJ IE+),
and
= Aj(E IJ IA) = A (AIJ+IE.).
In the case of the crystal field of C3v symmetry, an A2 singlet has the property that 
whereas for an A t singlet A± = -A^.
(6.12 a) 
(6.12 b)
(6.12 c) 
A -  A/
In solving this problem by means of non-degenerate perturbation theory (Dalgamo 1961), it is 
convenient to treat the terms describing the crystal-field interaction and the axial magnetic 
hyperfine interaction as the unperturbed Hamiltonian, leaving only the perpendicular component 
of the magnetic hyperfine interaction to be treated as the perturbing Hamiltonian:
K  = H  + t t “ 181 = K  + A I L  (6.13 a)
0 cf M cf J z z
and
K '
transverse
2 A /l+J- + U +>- (6.13 b)
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For the doublet hyperfine state IE+, m ), the energy corrections calculated up to fourth order and
9
keeping the terms up to order 0 (D  ) are
and
( 0 )
E+ (m) = D + m A(|,
( 1 )
E+ (m) = 0,
(2) 1 A1 1 A±AII -3
E+ (m) = j ( I -m ) ( I + m + l) - j j -  - A m (I-m )(I+ m + l)— —  + 0 (D  ),
(3)
E+ (m) = 0,
(4)
E+ (m) -  32
therefore, up to 0(D~2)
A2
E+(m) = D + m A ( + | ( I - m ) ( I + m + l ) y  - j  m (I-m )(I+m +l) — —  
1 (I-m )(I+m +l)(I-m -l)(I+m +2) Aj
1 (I-m )(I+m +1 )(I-m -1 )(I+m+2) A± -3
(m + 1)
A. A,
( m+1)
(6.14 a) 
(6.14 b)
(6.14 c) 
(6.14 d)
(6.14 e)
(6.14 f)
A D
Note that (a) the above expressions are valid for all values of m, and (b) the energy of the 
doublet hyperfine state IE , m > is the same as that of IE+,-m >.
There are two types of correction terms to the energies. The first type have denominators of the 
form Dn where D is the separation between the doublet and singlet, and n is an integer. The 
leading term of this type is the familiar pseudoquadrupole contribution which is proportional to 
A^/D. The second term of this type is proportional to AyA^/D2 which, for A|j = 1GHz and D = 
45 GHz, is at most only a few percent of the pseudoquadrupole strength.
The second type of correction terms have denominators of the form A ^D 20 where m and n are 
integers. Importantly, these terms describe the repulsion between the two E state hyperfine 
levels. The leading term of this type arises in fourth order and is proportional to A ^/A hD 2. It
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will be shown that when A± is larger than AM, this term can become more significant than the 
pseudoquadrupole contribution and quantitatively describes the observed mixing among the E 
state hyperfme levels.
The wavefunction corrections for IE+, m ) calculated up to second order and keeping the terms 
up to order 0(D'*) are
( 0 )
IE+, m) = IE+, m),
 ^j ^  ^
IE+, m) = { y A/(I-m )(I+m +l) - ^ }  IA, m+1),
and
f 1 )(I-m-1 )(I+m+2) \ \  ^
{ -------------8(mTT)---------------H f i  } IE-’ m+2>;
(6.15 a) 
(6.15 b)
(6.15 c)
so that the wavefunctions for the doublet hyperfme states IE+, m >' take the form
E+, m)' = I E+, m) + 5(m)| A, m+1) + £(m)| E_, m+2),
where
5(m ) =  { j J ( l -m) ( l+m+\ )
(6.15 d)
(6.16)
and
e(m) = {
J ( I-m)(I+m+1 )(I-m-1 )(I+m+2) Ai Aj 
8 (m + 1) AyD }
(6.17)
The corresponding expression for 1E_, m+2 )' is
|E_, m+2)' = I E., m+2) + K(m)| A, m+1) -  e(m)| E+, m ), (6.18)
where
K(m) = { y  ^/(I-m-l)(I+m+2) (6.19)
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As can be seen from Eqn.(6.17), the expression for e(m) contains, as the energy denominator, 
the separation between the coupled hyperfine levels in the E state, 2(m + 1)A(|. Three pairs of E 
state hyperfine levels (and their complex conjugates) exhibit the above form of coupling, and 
the respective mixing coefficients are :
(i) IE±, + h a n d lE T, + | ) ,
r- \ \
± ^ A D  '
(ii) IE±,±i> and|ET,± ^ ) ,
e =  ± J~5 A A
/
n
2 A.D ’
and (iii) IE+, ± | ) and IE^, ± 1- )
J~2A_ A Ae" = ±
/
n,^D '
(6.20 a)
(6.20 b)
(6.20 c)
The mixing is largest in case (i) where adjacent states are coupled, and the presence of mixed 
states results in extra transitions of intensity e in first order (where regular hyperfine lines are 
defined to have unit intensity). The coupling and the extra transitions C  and D' caused by the 
mixing in case (i) are indicated in Fig.6.11 for transition 2 where the g-values of the ground and 
the excited state doublets have the same sign and the n (z)-polarized optical transition is 
strongest. Extra transitions will also be present in the g  (x, y)-polarized spectrum but, for 
clarity, this polarization is not included. The mixing in the cases of (ii) and (iii) gives similar 
effects but the magnitudes are smaller and hence the extra lines induced will be substantially 
weaker (to avoid complexity these are also omitted in Fig.6.11).
In principle, the admixture of the singlet hyperfine states into the doublet hyperfine states, 
described by the pseudoquadrupole term 8(m) and weaker corrections, can give rise to extra 
(41 - 1) transverse (g) polarized lines in the E —» E transition. However, the mixing coefficients 
8 are typically an order of magnitude weaker than e, and so the resultant extra lines will be 
correspondingly small.
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IE+,-7/2)-e"IE-,-3/2) 
IE+,-5/2)-e'IE-,-l/2> 
IE+,-3/2)-elE-,+ l/2> 
IE+,-1/2) +eIE-,+3/2) 
IE+,+1 /2)+e'IE-,+5/2) 
IE+,+3/2)+e"IE-,+7/2) 
IE+,+5/2)
IE+,+7/2)
IA+7/2)
IA+5/2)
IA+3/2)
IA+1/2)
IE-,+7/2)+e"IE+,+3/2)
IE-,+5/2)+e'IE+,+l/2>
IE-,+3/2)+elE+,-l/2)
IE-,+l/2)-elE+,-3/2>
IE-,-l/2>-e'IE+,-5/2>
IE-,-3/2>-e"IE+,-7/2>
IE-,-5/2>
IE-,-7/2)
IE+,-7/2) 
IE+,-5/2) —  
IE+,-3/2) —  
IE+,-l/2> —  
IE+,+ 1/2) —
IE+,+3/2> 
IE+,+5/2) —  
IE+,+7/2> —
C
D'
Figure 6.11 Illustration of origin of hyperfine-induced transitions. The solid lines indicate
the transitions, whereas the irregular lines indicate the states coupled by the 
transverse hyperfme interaction. The coupling mechanisms are only shown for
two pairs of the doublet hyperfme levels, four other pairs are similarly coupled 
as discussed in the text.
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For the singlet hypeifine state I A, m+1), the energy corrections are
(0)
Ea (m+1) = 0 , (6.21 a)
(1)
Ea (m+1) = 0, (6.21 b)
(2)
E. (m+1) =A - 1  { (I-m -l)(I+m+2) + (I-m)(I+m + 1 ) } - ^
A A2
- { (m+2)(I-m-l)(I+m+2) - m (I-m )(I+m +l)} + 0 (D  ),
4 D“
(6.21 c)
(3)
Ea (m+1) = 0 , (6.21 d)
(4)
Ea (m+1) = 0(D  3); (6.21 e)
therefore,
A2
E' (m+1) = - j  {(I-m -l)(I+m +2) + (I-m )(I+m +l)} -=±-
A  ^ T  J L /
A A2
- ~  { (m+2)(I-m-l)(I+m+2) - m(I-m)(I+m+l) } — ■ (6.21 f)
For the singlet hyperfine state, the effect of the energy corrections, including the term
2  j
proportional to AMA“ /D , is the same as that of the pseudoquadrupole interaction. The 
wavefunction corrections for the singlet hyperfine state I A, m+1) are
(0 )
I A, m+1) = I A, m + 1), (6.22 a)
I A, m+1)*'* = - {± ,/(I-m )(I+ m + l) ^  - 0 ( D 2)} |E +,m - l)  
______________  A'
- { - j j  + 0(D  )} |E „  m+1) , (6.22 b)
and
(2) -2 
A, m+1) = 0(D  ) ;
so that, up to order 0(D  ),
(6.22 c)
A, m+1) A, m+1) -5 (m )|E +, m) - K(m)| E_, m+2). (6.22 d)
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In Fig.6.12, the effect of the transverse part of the dipole hyperfine interaction on the hyperfine 
levels of a pair of coupled singlet and doublet states is more fully illustrated. Because the 
repulsion between the E state hyperfine levels arises from high order perturbation terms, the 
energy levels shown in Fig.6.12 have been obtained from a full numerical diagonalization of the 
Hamiltonian matrix (Eqn.(6.11)). This diagram shows, for example, that the energy separation 
between the IE+, + -  > and |E+, + -  > hyperfine levels are the most susceptible to the strength of 
the transverse dipole hyperfine interaction, and it is this separation for which a change in the 
regular spacing of the hyperfine lines will be most noticeable. In particular, as soon as A± is 
larger than A|(, the energy shifts become significant compared with the hyperfine splitting. The 
figure also shows that even more unusual splittings are possible when A± is large compared to 
A|(. The hyperfine splittings within the A electronic state, on the other hand, are always a 
reasonable approximation to that expected for a quadrupole effect (Fig.6.12).
In addition to the hyperfine splittings, the relative transition intensities can be fitted with 
knowledge of the eigenstates. Fig.6.13 displays the expected optical spectra for A± = 0, 2.82 
and 4.45 GHz. For the middle value, the situation approaches that described in the perturbation 
treatment discussed above where only two significant extra lines are induced into the optical 
spectrum towards the centre of the hyperfine pattern. As can be seen, the intensity of the extra 
lines is at the cost of the strength of adjacent lines. When the extra lines have comparable 
intensity to the regular hyperfine lines, as occurs for the largest value of A ± = 4.45 GHz, the 
variation from equal spacing becomes apparent and further weak transitions can be observed. 
These are illustrated for the n (z)- and c  (x, y)-polarized transitions (Fig.6.13).
In the above treatment, it was assumed that the E state only interacted with a single A state. 
Clearly, if other states in the multiplet are also mixed into the E state, the situation will change 
and is likely to be more complex. The effect of other A states of the same symmetry can be 
anticipated. Each can give rise to pseudoquadrupole and higher order shifts (terms ~1/Dn) but if 
the A states lie on opposite sides of the E state these shifts can be partially cancelled. On the 
other hand, the terms proportional to l/A^D20 will only be added constructively such that the 
mixing within the E state hyperfine levels will increase.
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doublet 
E+ (E-)
-3 /2  (+3/2) 
-5 /2  (+5/2) 
-7 /2  (+7/2)
A = - l  GHz
- 1/2 (+1/2) 
+ 1/2 ( - 1/2) 
+3/2 (-3/2) 
+5/2 (-5/2)44 -
42 -
+7/2 (-7/2)
40 -
-2 -
-4 -
A (GHz)
Figure 6.12 Energy-level diagram of an E and an A state separates by 45 GHz and coupled
by the transverse hyperfme interaction.
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E —> A transition
-20 -10 0 10 20 -20 -10 0 10 20
Frequency Offset (GHz)
Figure 6.13 Intensity pattern predicted for transitions from an isolated ground-state doublet 
with A|( = -3.855 GHz to excited states comprising of an A and an E state 
separated by 45 GHz and coupled by the transverse hyperfine interaction. For 
the excited state, A,, = -1 GHz, and three different values of A± have been used 
to demonstrate the changing of the intensity pattern:
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E —> E transition
Uul i u
-20 -10 0 10 20 - 20-10  0 10 20 
Frequency Offset (GHz)
Figure 6.13 (cont.)
(a) Ax = 0 GHz, (b) A± = 2.82 GHz, and (c) A± = 4.45 GHz. 
Transition strengths are weighted by the intensity ratio
1 ,  ,(E -> E ) :1  (E —> E ) : )  ( E - » A ) =  1 : 1 : 1-^ Tt(z) a(x,y) o(x,y)
6.8 Comparison with Experiments
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The two lowest levels of the 5F5 multiplet are an A2 and an E state separated by only 1.5 cm '1, 
and they are separated from other states by 7.5 cm '1 (Fig.6.3). Given the proximity of the 
levels, it is highly possible that the transverse dipole hyperfine interaction is significant, and that 
the effect of other states is small. If this is the case then the anticipated optical spectrum will 
correspond to the calculation of the simple model presented in the previous section and the axial 
dipole hyperfine interaction, the transverse dipole hyperfine interaction, and the ratio of 7i(z)- to 
g (x , y)-polarized transitions can be chosen to give the best correspondence with the optical 
spectrum.
With An = - 1.0 GHz, IAjJ = 2.82GHz and intensity ratio
3 (E —> E ) : J (E -> E ) : 3 , (E —» A) = 10 : 1.5 : 8 (6.23)
the calculated spectrum is given in Fig.6.14. It is noted that very good agreement is obtained 
with the experimental trace for transitions 1 and 2 shown in Fig.6.2. The energy separation 
between hyperfine levels calculated with the above strengths of the effective hyperfine 
interaction are listed in Table 6.3. It is seen that, with this model, there is general agreement 
between experiment and theory, and the disparity is readily attributable to the simplicity of the 
model with the neglect of the quadrupole hyperfine interactions and the presence of other states.
The second lowest E state in the 5F5 multiplet has an electronic singlet state located 5 cm '1 to 
higher energy. This pair of levels, likewise, is treated in isolation and with A|( = +1.0 GHz, 
IAJ = 4.45 GHz, and intensity ratio
W E^ E): W E"E): W E"A) =a25:10:0 (6-24)
gives the calculated E —> E spectrum shown in Fig.6.15. This spectrum is again comparable 
with the observed structure for transition 3 shown in Fig.6.2. There is, thus, general agreement 
between experiment and theory, and the disparities can be attributed to the simplicity of the
model.
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optical transition 1 optical transition 2
Frequency Offset (GHz)
Figure 6.14 Intensity pattern predicted for E —> A, E transitions with the excited states 
separated by 45 GHz and coupled by the hyperfine interaction. In the ground 
state, A,, = -3.855 GHz, whereas in the excited state AN = -1 GHz and A± = 
2.825 GHz. The transition strengths are weighted by the intensity ratio
1 (E —> E ) : ]  (E —» E)
7i( z) a(x,y)
1 (E —> A) 
a(x,y)
10 : 1.5 : 8
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optical transition 3
-15 -10 -5
Frequency Offset (GHz)
Figure 6.15 Intensity pattern predicted for an E —> E transition with the excited E state 
coupled to a higher energy A state (150 GHz). In the ground state, A|( = -3.855 
GHz, whereas in the excited state AN = 1 GHz and A± = 4.45 GHz. The 
transition strengths are weighted by the intensity ratio
. , ( E - > E ) : 1 ,  (E -> E ): 1 (E —> A) = 0.025 : 10 : 0 .7t(z) o(x,y) J a(x,y)
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It is clear then that the extra features, occurring within the regular hyperfine structure of the two 
5I8(E) —» 5F5(E) transitions, result as a consequence of the excited E states interacting with 
their neighbouring electronic singlet states. However, being able to obtain a reasonable 
agreement between experiment and calculation by simply allowing only for the interaction 
between adjacent states requires justification. A calculation of the effective strengths of the axial 
and transverse hyperfine interactions was undertaken using the crystal field wavefunctions of 
Mujaji et al. (1992). It was found that there are large transverse hyperfine matrix elements 
within the two pairs of A and E states, as suggested by the agreement obtained above, and the 
values are in reasonable agreement with the ones used in the simple model. In particular, the 
predicted ratios of A^Aj^ agree within 15% for the higher energy pair of states and 10% for the 
lower energy pair. For the latter pair, the absolute value of A(| disagrees with experiment by a 
factor of 1.5. These remaining differences could suggest some inaccuracy in the wavefunctions 
used and indeed preliminary Zeeman data is at variance -10% with that expected from the 
supplied wavefunctions.
What is more significant, however, is that a calculation including coupling between all the four 
lowest levels of the 5F5 multiplet (remembering to make allowance for larger separations and 
the smaller coupling coefficients) makes a negligible effect on the spectrum and, therefore, the 
basis for the very simple model is vindicated. The calculated effective strengths of the dipole 
hyperfine interaction are shown in Table 6.4. It is also noted that the crystal field wavefunctions 
(Mujaji 1992) also support the reversal of the sign of the g-value between the adjacent 5F5 
doublet states as determined by experimental data.
T
ab
le
 6
.4
 
Ca
lcu
la
te
d 
ef
fe
ct
iv
e 
hy
pe
rf
in
e 
in
te
ra
ct
io
n 
str
en
gt
hs
: A
|(, 
A
±,
 a
nd
 A
 
Th
e 
m
at
rix
 e
le
m
en
ts
 fo
r 
Jz
, J
+,
 a
nd
 J
 
op
er
at
or
s 
be
tw
ee
n
199
CS
O n
O n
■c?
s
o
c /3c_o
w
cjc
cH(U
>03
£
TD
13
IS
cj
<u
eo
d
T3O
3
*3JJ
3
CJ
<u
«3
Q.
*•»-»
3
s
ntu
cn
<U
C/3<U
1
2  13 is 
A  
£3
C/3
0
SO
£
t-l
1
O
13o
Wa.o
ajx
co
'■*—I
3
J J
3o
<u.c
_c
T3
<U
C/33
C/3X
&bcjj
S
co
■I—>
CJ
20
c
aj
1  <o Q,
jC
o
o
£
1)
ajX
<+Ho
C/3aj
J3
3
>
<3JX
OJ
c3
C/3o
C/3
<U
3c<u
c3a.
c
c /3<D3
3
>
CJajD.
e
CJ
oo
NO
i n
S s
<
o
<
r -
n -
o
<
r -
n -
o 5
.0
1
 
A
j 
(4
.4
5
)
<  n
P  T t
m  w
o
s
CJ
c n
3
<n
w 1
■—»
<
o
*—> 
<  
O n
<
NO
C "
o
o
<  _  
NO ^
A
p
< *  n  
^  t j-
q  ^
i n  w
s
o
c n
3
i n
4*
w
<
o
Tt;
<
o
r -
Ö
< T
OS
<  _  
NO —1
O n
Ö
o
n
— , n f
q  s
i n
<^N
6
CJ
n
i n
o
NO
> n
v^ '
w 1
<  ^  
c n  o o  
<3 c s
T f  w
o
<
NO
r n
<
O s
C7
3
<
NO
r -
p
<
r -
n -
p
/^N
6
a
i n
i n
o
NO
i n
^_/
+
W
<  n T
c n  ° °  
<N (N  
Tt- w
<  _  
no  -7  
c n  ^
1
O
< T
NO
r -
d
ON
C7
p
n -
p
i
£
CJ
§
i n
3 s
<
O
<  r s  
c n  ° o  
<N r s  
w
<  c s  
c n  ° 9  
<N r s
<
NO
<
NO o
<o
ÜH
U-3
1
E
CJ
3
NO
i n
3 s
<
1
e
CJ
i n
« no
no
i n
4
w
/—N
s
CJ
n
i r io
NO
i n
W
/—N
i
E
CJ
c n
3
i n
4
w
E
o
c n
3
i n
w ‘
/^-s
E
o
00
NO
i n
CS
<
200
6.9 RF-Optical Double-Resonance Experiments: 
Ground-state Superhyperfine Resonances
The results of RF-optical double-resonance experiments performed in the 1-100 MHz frequency 
region on the CaF2: Ho3+ C3v (B) centre is presented in this section. The laser is resonant with 
one of the optical hyperfine lines, and the depth of hole, or total emission level, is measured as 
a function of the frequency of the RF field applied to the sample (Sec.3.5). The resulting 4.2 K 
zero-field ground-state superhyperfine ODMR spectrum associated with holebuming in the 
hyperfine lines of the optical transition 3, 5I8{E(0 cm '1)} —> 5F5{E( 15613 cm '1)}, is shown in 
Fig.6.16 for the low resolution measurements. Four resonances were observed at frequencies 
of 18.18(2), 21.64(2), 31.22(2), and 34.57(2) MHz. These four resonances are associated 
with the eight nearest neighbouring fluorines, and the more specific assignments made on the 
basis of the low field Zeeman measurements will be presented in Sec.6.9.1.
Higher resolution measurements of the four resonances reveal that each resonance has a doublet 
structure, Figs.6 .17(a) and 6.17(b). The 'separation' or 'splitting' within each doublet- 
structured superhyperfine resonance was found to depend on the Ho3+ hyperfine state involved 
in the optical transitions (Table 6.5). The origin of the doublet structure will be accounted for in 
Sec.6.2.9. The doublet structure had been reported previously by Hasan et al (1988), but the 
explanation for its origin given here differs from that in the earlier report.
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Figure 6.17 (a) High resolution superhyperfine ODMR spectra in the 18-22 MHz frequency
region. Spectra shown correspond to holebuming at different optical hyperfine 
lines (as indicated) within the 5Ig{E(0 cm*1)} —> 5F5{E( 15613 cm '1)}
transition.
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Figure 6.17 (b) High resolution superhyperfine ODMR spectra in the 31-35 MHz frequency
region.
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Table 6.5 Observed superhyperfine resonance frequencies and separations. The error in 
frequency measurements is ± 0.020 MHz
frequency assignment observed separation (MHz) observed
(MHz) (F  no.)(a) ±7/2 ±5/2 ±3/2 ± 1/2 (b) separation ratio
18.18 axial F  (8) 0.104 0.075 0.044 1 : 0.721 : 0.423
21.64 off-axis F 0.114 0.084 0.054 1 : 0.737 : 0.474
31.22 axial F  (7) 0.170 0.123 0.072 1 : 0.724 : 0.424
34.57 off-axis F 0.189 0.133 0.086 1 : 0.704 : 0.455
Theoretical separation ratio = 7 : 5 : 3 : 1 = 1 : 0.714 : 0.429 : 0.143
(a) As given in Fig.6.18.
(b) The doublet structure of the superhyperfine resonances associated with m = ± \ 
hyperfine levels is not resolved, Figs.6.17.
6.9.1 Assignments of the Ground-State Superhyperfine 
Resonances
It is proposed that the four strong doublet-structured superhyperfine resonances are associated 
with the eight nearest-neighbouring fluorines located at the comers of the cube occupied by the 
Ho3+ ion (Fig.6.18). In a pure CaF^ single crystal, these eight fluorines are equivalent. The 
presence of the Ho3+ ion at the site of the Ca2+ ion and the interstitial fluorine at the adjacent 
body centre site along the (111) direction, however, distorts the cubic structure, and results in 
four inequivalent groups of nearest neighbour fluorines: (i) {1, 2, 3}, (ii) {4, 5, 6}, (iii) {7}, 
and (iv) {8}. A resonance associated with each of the inequivalent neighbouring fluorines 
accounts for the four signals.
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7
#  Ho3+ •  F
Figure 6.18 Four inequivalent groups of nearest neighbour fluorines in the CaF-,: Ho3+ C3v 
(B) centre: (i) {1, 2, 3}, (ii) {4, 5, 6 }, (iii) {7}, and (iv) {8}.
To assist with the assignments, the low field Zeeman experiments of the four superhyperfine 
resonances have been conducted. From the symmetry of the centres under investigation, a 
relatively simple Zeeman splitting pattern can be obtained by choosing to apply an external 
magnetic field along the (110) direction. In this orientation, there will be two inequivalent sets 
of the C3v centres: (i) those in which the C3 axis is perpendicular to the field - the transverse 
centres, and (ii) those in which the C3 axis makes an angle of either 35.26° or 144.74° with the 
field (Fig.6.19). For the latter centres, the applied magnetic field will split each optical 
hyperfine line into two components. For the transverse centres (C3 -L l tapp), the hyperfine lines 
will not be split. This behaviour is shown in Fig.6.20 for the field of 120 G. If the laser 
frequency is tuned to the frequency of one of the hyperfine lines which has not been shifted by 
the field, only the transverse centres are optically excited.
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Figure 6.19 Crystal orientation for the Zeeman experiments.
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Figure 6.20 5Ig{E(0 cm '1)} — > 5F5{E(15613 cm '1)} optical excitation spectra in zero field 
(solid line) and in a field of 120 G applied along the (110) direction (dashed 
line).
When a small magnetic field 3 app (up to -  120 Gauss) is applied along the (110) direction, it is 
found that the behaviour of the 18.18(2) MHz doublet is similar to that of the 31.22(2) MHz 
doublet (Fig.6.21) indicating that these two doublet resonances are associated with the groups 
of neighbouring fluorines having similar orientation with respect to the Ho3+ ion. In a similar 
fashion, the resonances at 21.64(2) and 34.57(2) MHz appear to be related.
The axial symmetry of the centre requires that the direction of the magnetic field due to the 
magnetic moment of the Ho3+ ion, ltHo, at the site of the neighbouring fluorines located on the 
symmetry axis (the axial fluorines) is along the symmetry axis. Then, for the axial fluorines of 
the transverse centres, 3app will be perpendicular to 3Ho. As a result, the superhyperfine 
resonances associated with these fluorines will not be split by l tapp. Experimentally, it is found 
that the 18.18(2) and 31.22(2) MHz resonances do not split (Fig.6.21), and hence it can be 
concluded that the 18.18(2) and 31.22(2) MHz resonances are associated with the axial 
fluorines. In contrast, the superhyperfine resonances at 21.64(2) and 34.57(2) MHz are split by
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the external field into two components (Fig.6.21), and this is consistent with these resonances 
being associated with the off-axis fluorines.
(i) zero field (ii) H ~ 88 G // <110)
RF frequency (MHz)
Figure 6.21 (i) Zero field superhyperfine spectra, (ii) Superhyperfine spectra associated
with transverse centres in an applied field of 88 G along (110) direction.
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The assignment of the signals to axial and off-axis fluorines is therefore straightforward. 
However, further identification is largely conjecture. For example, it is possible that the 
presence of the interstitial fluorine can result in the smaller separation between the Ho3+ ion and 
the axial fluorine located between the interstitial fluorine and the Ho3+ ion (denoted by 7 in 
Fig.6.18) in comparison with that between the Ho3+ ion and the other axial fluorine (denoted 
by 8 in Fig.6.18). If this is the case then the 31.22(2) MHz resonance is associated with the 
axial fluorine located between the Ho3+ ion and the interstitial fluorine, while the 18.18(2) MHz 
resonance is associated with the axial fluorine located on the other side of Ho3+ ion. The 
superhyperfine resonance at 21.64(2) [34.57(2)] MHz can be associated either with the three 
neighbouring fluorines located on the (111) plane between the Ho3+ ion and the interstitial 
fluorine (denoted by 1, 2, 3 in Fig.6.18) or with those three located on the (111) plane on the 
other side of the Ho3+ ion (denoted by 4, 5, 6 in Fig.6.18) depending on how these six 
fluorines reposition themselves to accommodate the Ho3+ and the interstitial fluorine ions.
According to the above assignments, the difference between the frequencies of superhyperfine 
resonances associated with two axial fluorines, 7 and 8, is 13.04 MHz. The frequencies of 
superhyperfine resonances associated with the two sets of non-axial fluorines, {1, 2, 3} and 
{4, 5, 6}, are also different by a similar amount (12.93 MHz). These large frequency 
differences could arise either (a) from the significant distortion of the lattice caused by the 
replacement of Ca2+ by Ho3+ and the incorporation of an extra F  at the next nearest interstitial 
position along the (111) direction, or (b) from the covalent bonding effects which vary in an 
unknown way with distortion of the lattice (Baker et al 1968), or (c) from the combination of 
both.
{Note that for the case of the CaF2: Ho3+ C4v (A) centre the frequencies of superhyperfine 
resonances associated with two sets of nearest neighbour fluorines are different only by at most 
0.20 MHz.}
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6.9.2 Origin of the Doublet Structure: Enhanced Moments 
due to Hyperfine Interactions between Two Doublets
6.9.2.1 Hyperfine-Enhanced Nuclear Magnetic Moments
The four lowest-lying crystal-field levels in the ground 5Ig multiplet are E(l), E(2), Aj, and A2 
located at 0, 27, 65, and 81 cm '1, respectively (Mujaji et al 1992). It is therefore reasonable in 
the first order to consider the two lowest electronic doublets, E(l) and E(2), in isolation.
Hyperfine-Coupled Crystal-Field Wavefunctions: According to group theory, the 
crystal-field wavefunctions associated with these two doublets can be written as (Sec.2.3, 
Ranon and Lee 1969)
I E+(l)> = a  I 8,+8) ± a  I 8,+5) + a  | 8,+2) ± a  | 8,±1) + a | 8,±4) ± a  | 8,±7), (6.25)
— 1 Z d Q J t)
and
E±(2)> = ßl I 8,+8) ± P,| 8,+5) + ß3| 8,+2) ± ß4| 8 ,+ l) + ß5| 8+4) ± ßfi| 8,±7>. (6.26)
Examining the above wavefunctions, it is clear that the two doublets can be coupled by both the 
axial and the transverse components of the magnetic hyperfine interaction,
axial transverse i ✓  x
H m = H m + H m = aM +I a/V- + i-0- <627>
The hyperfine Hamiltonian matrices are
E +( l) ,  m ) | E .( l) , m-1) | E+(2), m) |E .(2 ), m -1)
m A (J ) r z / i i 0 m A j < J z > 2 l 7 C 1 A J < J + >21
0 - (m-1) A j<Jz) ,, - i c , A / J+ ) 2 ,
- (m -!) A j<Jz)2 ,
m AJ<Jz>21 - 7  ci a j <, +>2 . D  + m Aj ( j z ) 2 2 0
7 C 1 A j < J + >21 - (m-1) A j (Jz>21 0 D - (m-1) A j (j z)22
(6.28)
where
(Jz) n = (E+(l) |J z|E+(l)> =-(E .(l)|Jz|E.(l)>, (6.29 a)
<JZ>22 -  <E+(2)|Jz|E+(2)> =-(E.(2)|Jz|E.(2)), (6.29 b)
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<Jz>21 s  <E+(2)|J2|E +(D) = <E+( l ) | J j E +(2)>
= -(E (2)| Jz| E.(l)) = -<E.(1)| Jz| E.(2)>, (6.29 c)
(J+>2, ~ (E.(2)|J+|E +(1)> = <E+(1)| J.| E_(2)>
= -<E.(1)| J+| E+(2)> = -(E+(2)| J.| E.(l)>, (6.29 d)
<J+> „  = <J+> 2 2 = < J- > n = < J- > 2 2 = ° '  (6 '2 9 e >
C = (m -l|I . |m ) = (m |I+|m -l) = ,/(I+m )(I-m +l). (6.29 f)
Using perturbation theory and keeping terms up to CKD'1), the wavefunctions associated with 
the hyperfine levels of the lowest doublet are
|E +( l ) , i> '=  c { |E +( l ) , i ) - i g E +(2 ) ,i) -4 ^ |E .(2 ) ,- |> } , (6.30 a)
I E.( 1 ) ,- |) ' = C { I E.( 1 ) , - \ )  - \  QE.(2),-|) + 4^ I E+(2), i )  }, (6.30 b)
I E+( 1), m)' = C ( { I E+( 1 ),m> - mi; I E+(2),m> - C ! 51 E.(2),m-1) + C ] x | E.( 1 ),m-1 >},
m / j - ,  (6.30 c)
and
I E (1), m>' = C2{ I E (l),m> + m5| E.(2),m> + C £ \ E+(2),m+l) - C^ \  E+(l),m +l) } ,
m * -y; (6.30 d)
where
%
V^2
D
A (J )
j\ +/;
<Jz>2 ,
<Jz)„
C? = (m + l |IJm ) = (m| I_| m+1) = J ( I-m )(I+m +l),
(6.31 a) 
(6.31 b) 
(6.31 c)
(6.31 d)
and 0, Cj and are the normalization constants;
212
r 1 2 2 .- l /2
C = { l + i ?  +165 } . (6.31 e)
( 2 2 2 . *1/2
Ci = { l  +(m O + ( C t Q  + (C |Z) } , (6.31 f)
and
I 2 2 2 .-1/2
C2 = { 1 + (mQ + ( C 2Q  + (C2x) } (6.31 g)
Note that C0(-m) = (^(m), Cj - C3 = 2m, and C2(-m) = 0 j(m).
Hyperfine-Enhanced Nuclear Magnetic Moments: The effective magnetic moments 
associated with the IE+(1), m)' and IE (1), m)' hyperfine levels are
' (E+(l), m| P I E+(l), m)' = '(E+(l), m| -pBgeJ + PNgn?| E+(l), m)'
= - HBgeC, { (1 - C;x2)<Jz) m - (2mC - 2C ^ x)<Jz>21 + (m V  - }
+ ^Ngn { m ■ C1C 1 ^  + X2) } > (6.32 a)
{ for an isolated doublet: (E+( 1), m | jl | E+( 1), m) = - p. g <J > + mu g }
Ho 0 1 N
and
’ <E_( 1), m|jl I E.(l), m)' = m| -u g J + u g f| E.(l), m)
Ho B N
= HBgeC2 {(1 - C2X2)(Jz}1 1 + (2m{ + 2C2^ ) ( J z>21 + (m V  - C20 ( J z>22 }
+ l^ Ngn{ m + C2C2(^2 + x2) } ,  (6.33 a)
{ for an isolated doublet: (E.(l),m|jX |E .(l),m ) = H„ge(Jz) . , + mu gn}
Ho B
respectively, where
frHo = ' ^ ge;r + % gnr <6 3 4 >
is the total magnetic moment for the Ho3+ ion. It can therefore be concluded that
(i) The magnitude of the effective magnetic moments associated with the degenerate 
hyperfine levels IE+(1), m)' and IE (1), -m)' are the same,
I' (E (1), m| ji |E  (l),m)'| = | , (H(l),-m|ir |E ( l) ,-m ) ' |.  (6.35)
Ho Ho
{ for an isolated doublet:
|( E ( l ) ,m |p :  |E  ( l) ,m ) | = | <E.(l),-m| (T |E .(l),-m > |}
Ho Ho
(ii) As the mixing coefficients in Eqns.(6.30 a-d) are of the order O(10"3), the values of 
the normalization constants -  0, 0 1? and C 2 -  will be very close to unity and hence 
it is reasonable to make an approximation that
C ~  C ~  C = 1. (6.36)1 2  V
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In this approximation, the magnitudes of the effective magnetic moments associated 
with the IE+(1), m)' and IE.(1), m)' hyperfine levels, the two electronic components 
having the same nuclear spin projection (m), are different by an amount 
proportional to |m|:
'(E (1), m |p  |E  (1), m ) ' | -  | ' <E.(1), m| JT |E.(1), m)' | |
Ho Ho
nRge{x2<Jz>.. + 2(i; - $X)0X+ ^ > , ,1  + » W 1 - x2)21ml . (6.37)
{ for an isolated doublet:
| |<E.(l ) ,m|jr I E ( 1), m )I -  I (E.( 1), m| fT | E.(l), m )| | = 2 | m| n g }
Ho Ho
In the approximation where the terms containing x , £, , and £ , which are of the order
0(D~2), are neglected, Eqns.(6.32 a) and (6.33 a) can be rewritten as
(E+(l),m |fT  I E+(l) , m)' -  - H ge { (Jz) - 2m «Jz> } + H g„m
- L t g ( J )  + u  g m ( l + 2  
r BfeeN z / ll  ^N&n 1
^Bge
^Ngn
C(JZ)21} , (6.32 b)
and
'(E .(l), m|{T I E .(l), m)' = URge { <JZ>,, + 2m£(Jz) } + |i gnm
4 Rge<J2> , + H Ng nm { l + 2
^Bge
^Ngn « J Z>2 | 1-
(6.33 b)
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respectively. As for a Ho3+ ion in the ground 5I8 multiplet, the term
^Bge
^Ngn
?(JZ>2,
^Bge
^Ng n
A (J )
{ J Z 2 1 }/J  )
1 D A  z;21
^Bge
^Ng n
{
a (j yr z': }
is always positive, the effect of the hyperfine mixing between two doublets on the magnetic 
moment can, therefore, be thought of as leading to the enhancement of the nuclear magnetic 
moment (Bleaney 1973).
6.9.2.2 Interpretation of the Experimental Results
Since the superhyperfine splittings associated with the nearest neighbour fluorines are at least 
18 MHz, when the laser (linewidth ~ 1 MHz) was tuned to saturate a hyperfine line of the 
optical transition 3 (inhomogeneous linewidth in a 0.0005 mole % doped sample is 680 MHz) 
originating from a IE+(1), m)' hyperfine level, only one superhyperfine level -  either IE+(1), 
m,+^)' or IE+(1), -  is optically excited. This is shown diagrammatically in Fig.6.22 for
the case where the IE+(1), m,+^)' superhyperfine level is resonant with the laser. Only one 
superhyperfine resonance at frequency 8+(m) is expected for each set of equivalent 
neighbouring fluorine ions but, experimentally, two superhyperfine resonances were observed. 
The occurrence of the second superhyperfine resonance can be explained by noting that for this 
C3v centre there exists a significant electronic spin-flipping between the two electronic 
components within the ground-state doublet having the same nuclear spin projection (see 
Sec.6.4). As a result, the superhyperfine resonance at frequency 8_(m) associated with IE (1), 
m)' hyperfine level was also observed.
Since the magnetic field experienced by the neighbouring fluorine ions scales with the effective 
magnetic moment of the Ho3+ ion, the frequencies of the superhyperfine resonances associated 
with the IE+(1), m)' and IE (1), m)' hyperfine levels of Ho3+ ions will be different by an 
amount scaling with | m | :
A5 (m) = 8+(m) - 5_(m) |m|.
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The theoretical separation ratio is therefore 1: 0.714: 0.429: 0.143 which is in good agreement 
with the experimental ratios given in Table 6.5 (the superhyperfine resonances associated with 
the m = hyperfine levels are not resolved, Fig.6.17).
IE+( l ) , - m - l > '
n
-1 /2 1
IE .(1 ), m + l> ' 
n
1/2
IE+( l ) , - m  > ' / —
5  (m ) /  r f  p
IE_(1), m )'
1/2
IE+( l ) , - m + l ) ’
Ö
C /3
IE+(1 ) , m - l> ’
-1 /2
t /  ‘ 1/2
/  IE .(1 ), m -l> '
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Figure 6.22 Diagrammatic explanation of the occurrence of the doublet structure within the
superhyperfine resonances.
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6.9.2.3 Superhyperfine Resonance Frequencies
Superhyperfine Resonances associated with Axial Fluorines: The Hamiltonian 
describing the superhyperfine interaction between the holmium ion and an axial F' ion can be 
written as (Sec.2.5)
Ho-axial F f i
“ superhyperfine = { V z Fz + U J+F- + F J +> } + d 1 V z  '  W  + W  } ■ (6.38)
Since, for the CaF9: Ho3+ C3v centre, the ground-state hyperfine splittings are ~ 4 GHz, 
whereas the superhyperfine splittings are at most 35 MHz, it is therefore reasonable in the 
theoretical determination of the superhyperfine splittings to treat each pair of degenerate 
hyperfine levels, IE (1), m)' and IE (1), -m)', in isolation. In this approximation, only the axial 
terms of the superhyperfine Hamiltonian need to be considered.
Superhyperfine Frequencies associated the Ho3+ m ^ ±1/2 Hyperfine Levels:
Using as the basis wavefunctions the direct products:
I E+(i), m, n)' = | E+(i), m)' x | F, n) = | E+(i)) x 11, m) x | F, n), (6.39)
where E+(i) describes the electronic state of Ho3+ ion and m (n) the nuclear state of the Ho3+ 
(F) ions, the superhyperfine Hamiltonian matrices for IE+(1), m, n)' and IE (l),-m, n)' with m
* 2 316
IE+(1), m, n)' 
n{a (J ) + d(I ) }1 | | '  z'p,m ' z'p,m •
IE(l),-m, n)’
0
n fa  (J ) + d(I ) }1 II' z'n,-m '  7 /n.-m J
• m * 2  ’
z'iv
(6.40 a)
where, from Eqns.(6.30 c-d),
<Jz>P,m s  <E+(1), m| Jz| E+(l), m>’
= F  {(1 - C |X2)<Jz> , ] - (2m? - 2C ^ x)(Jz>2, + (mV- C ^ 2)<JZ>22 }, (6.40 b)
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<Jz>n,-m s  '<E-(D,-m|Jz|E-(l),-m>'
= C;{-(1 -C ;X2)<Jz>11+(2m C -2C ^Z)(Jz)2i - (m2C - C " 0 ( J Z; 
<Iz)p,m s  '<E+(1), m| Iz| E+(l), m>
= Cj{m + m(mQ + (m - lXC^ ) 2 + (m - lX C ^ )2}
= m C | { l + ( m 0 2 + ( C ^ ) 2 + (ClX)2} -C2C ^ 2 + x2)
2 2 2 9 
= m - C j C ^  +X2)»
and
Oz>„,-m s  '(E.(l),-m |Iz|E.(l),-m>
= C | { - m - m ( m Q  - ( m - l ) ( C ^ )  - ( m - l X C ^ )  }
= - m C2{ 1 + (m Q2 + (C ^ )2 + (C ^ )2} + C2C2(?2 + X2)
2 2 2 9 
= -m + C^CI; +X-).
That is,
E+l(m,n) = n { an<Jz>p,m + d<Iz)p,m }
= n a||C2 {(1 - C2X2)(JZ>U - (2m? - 2C2?X)<JZ>21 + (m2?2 - C
+ n d { m - C 2C2(? + X2)},  m * y ,  
and
E ^-m .n ) = n {an<Jz>ni-m + d(Iz>n .m}
= n 3||C2{ -(1 - C2X2)<Jz) l l + (2m? - 2C2?X)<JZ>21 - (m2?2 - C 
- n d { m - C 2C2(? + X2)},  m * y ,
(6.40 c)
(6.40 d)
(6.40 e)
^ 2><Jz>22}
(6.41)
^ 2KJz>22}
(6.42 a)
respectively. The energy of the |E (1), m, n) superhyperfine level can be obtained from 
Eqn.(6.42 a) by replacing m with -m and using the relations Cj(-m) = C2(m) and Cj(-m) = 
02(m),
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E ^m.n) = n { *„<•>,>„ m + d<Iz>„ m }
= n a(c ' {  -(I - C ^ 2)<JZ>U - (2m? + 2C ^ X)<JZ>2] - (m2^  - C ^ ) (J 2>22}
+ n d { m  + C“C2(^ + X2) } ,  m *-y . (6.42 b)
The superhyperfine splittings associated with the IE+(1), m)' and IE (1), m>' hyperfine levels 
(having the same nuclear spin projection m) are, therefore, given by (see Fig.6.22)
8+(m) = E+i(m,-y) - E+i(m, y)
- <X2XJZ>11  ^(2m^  - 2C> X JZ>21 - (m2r  - cX X Jz>22>2„2 ,.2  2
d { m - o V f i  +X2) } ,  \ ' (6.43)
and
5_(m) = E t(m, y ) - E j(m,-y)
a ,,C2{-(1 -cV)<J ) , ,  - ( 2m? + 2C2^ ) (J  S , - (m2C  - cV)(J S
+ d { m + C2C2(^ + x2) } , m qt 4  , (6.44)
respectively. Note that S+(m) = 8_(-m). Under the approximation that C , = C 2 = 1, the 
frequencies of the superhyperfine resonances associated with the IE+(1), m)' and IE (1), m)' 
hyperfine levels are different by an amount depending on | m | ,
A8(m) ee I 8+(m) - 8.(m) |
2| m a||{x 2<Jz>11+2(?-5x)<Jz)21+ § 2<Jz>22} - d { l - ( S 2+ X2)}
m * ±-2-, (6.45 a)
,2 „2where the relation Cj - C2 = 2m has been used. The average frequency is
8(m)
_  2
a , { - ( l - C %2)(Jz) i i -2C ^ ( J z)o |-(m 2C - C% } + d C (^ +  %2)z'21 z'22
m * ± 2 ’ (6.45 b)
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where
C S ! ( c ?  + c h  = 1(1+ l ) - m 2. (6.45 c)
If the terms containing %2, J;2, and ^2, which are at most of the order 0(1 O'4), are
neglected; then
A8(m) » 2| m| 12a||^ (Jz>21 - d | , m ± ±y  , (6.46 a)
and
8(m) -a,l<Jz> l.l’ m * ±2 (6.46 b)
Superhyperfine Frequencies associated the Ho3+ m = ± 1/2 Hyperfine Levels: 
The calculations of the superhyperfine splittings associated with the IE+(1),  ^)' and IE (1),-^ )' 
hyperfine levels are more involved, since the axial components of the superhyperfine 
Hamiltonian can also link the IE+(1), n)' and IE (1),-^, n)' superhyperfine levels. Explicitly,
the superhyperfine Hamiltonian matrices for these levels are
IE+ w . 4 ie . ( 1),1  \y
l ( aN(Jz>p,1/2 + d<I2)pJ/2} i l a / a  + d ^ J  
7  { aH<Jz>C + d <Iz)c } 7  1 all<Jz)n,.1/2 + d <Iz)„ , Jz n,-l/2
(6.47 a)
and
iE+( i) ,y ,4 > '
■ i h / g  P,1/2+ d <iz>p.1/2} 4 k <  a + d< u J
H a„ < g  c + d < > zü  4 k < Jz>n,.1/2+ d <Iz>„,.1/2>
(6.47 b)
where, from Eqns.(6.30 a-b),
< U . , „  -  (E+(l), y | JJ  E+(l), y> = -< E .(l),-i|Jz|E .( l) ,- i)p,l/2 -(J )N z /n,-l/2
z'21 z/22
(6.48 a)
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<Jz>c s  (E+( l ) , i |J z|E .(l),-i)  = C2{8« J z>21-4^<Jz)22}
<Iz>p.1/2 3 <E+(1)’ 2>= -< E -( l)4 |Iz|E .(l),-i>  = -<Iz)n . 1/2
= 1 6 $ )  = i { c 2( l + i C + 1 6 0 - 3 2 C l 2}
1 2 2 
= y  (1 - 32 C 5 ),
(Iz)c S (E+( l ) , i | I z|E .(l),4>  =  -
Note also that, from Eqns.(6.48 a) and (6.48 c),
2"lail<Jz>n,-l/2 + d<Iz>„.-,/2 > = "2 0„<JZ>p,,/2 + d<Iz>p,./2>
The two matrices in Eqns.(6.47) have the same set of eigenvalues
X ,  = ± / j - { a  <j > + d ( I )  }2+ -jj- {a (J ) + d<I ) }± \ J  4 *• ||\ z/pj/2 '  z/p, 1/2 J 4 1 llx z'c ' z ' c J
where
| { a,|c 2[<jz) 11 - w z)2 I + ( | i ; 2 - i6^2)<jz>22] + f  (i - 3 2 c V ) } 2
+ j{ a„C 2fe < Jz>2l -4 ft< J7) J  -2dC2CUz '22-
j 2  ^ 2 ^
= ± (P + Qx + Rx ) + (Sx - Tx )  ,
p = M A < Jz>u-fl •
1 2 2 
Q = k a A  J , 2 II Jx z721
R = ^-C2{a( J  ) [4AZ(J >Z - t AZ(J /  ] -4dAZ< jY  } , 2 1 ii' z/22l J '  + ' 2 \ 4 J '  z / 2 i J j ' + / 2 1 J
2. .2 1 2. ,2 2 . 2
S = 2C a A (J ) (J ) ,II j '  +'21' z/21
(6.48 b)
(6.48 c) 
(6.48 d)
(6.48 e) 
1/2
(6.49 a)
(6.49 b) 
(6.49 c) 
(6.49 d) 
(6.49 e)
T = 0 2{a( J  > + 4 }  A (J ) A > ,
1 II' z'22 2 J JN z/21 r  +/21 (6.49 f)
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and
(6.49 g)
Expanding in a power series of D '1 and keeping terms up to order 0 (D '2)#
x ± = ± i » f 2 t-<J^ . . + « J*>21- ( i ? 2 - ^ 2)<j z>22}
That is,
0 { 4 0 a  ( J )  £ }
Tf { i . i « V } ±  2 1 Z21dl
e + i (2 ’ b  =
(6.50)
1 , 2
1 6 0 V } -
2 2 ^  { 4 C2a||<Jz)21^ } 2
2 > 2 - 16C^ - f .2  . . .  d
{-® " f )
(6.51)
and
eA A  = 2 ailC l " ^ z \ l  + ‘  ■ 4 ’  '  *6^  K JZ) „  }
f { l - 16cV }+ {4Ca"(Jz)2'U (6.52)
The superhyperfine splitting associated with the IE+(1), ^ )' hyperfine level is therefore
z /225+( i )  .  Et | ( { , i ) . E t | ( i I )  = al|C2{-(Jz>l l H (J z>21- ( | ; 2 -1 6 U (J7) , J
2{4C 2a„<n &}
- d { i - 1 6 c V } +  f 2
z /21
{-C^a <J ) - 4 }1 "N z /j i 2 J
(6.53)
# Using
f(x) P + Qx + Rx2) + (Sx - Tx2) = P + Qx + 2R + } x2 + 0 (x 3).
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whereas that associated with the IE (1), ].)' hyperfine level is, from Eqn.(6.44),
5.(i) ,  E l(i f E |(i j )
- 15x2)< a, - «  + 30§X)<J>„ - ( k 2 - 1 5 U ( n  }
+ d { y  + 15C“(^ +X2)}, (6.54)
9 0 9Under the approximations thatC = C? ~ 1 and that the terms containing x", X^> s » and s can 
be neglected, the frequencies of the superhyperfine resonances associated with the IE+(1), ^ )' 
and IE (1), ^ )' hyperfine levels are different by
A6 ( i )  = 5+(j )  - 5 .(i) -  I 2anC<Jz>21 - d | , (6.55)
and the average frequency is
» (£ >  -  l - w j -  (6 -56)
From the above analysis, it can be conclude that
(a) the separation within the doublet-structured superhyperfine resonance associated 
with the axial fluorines depends on m and is given by
AS(m) = I 4ma||^(Jz)21 - 2m d|, all m ; (6.57)
and (b) the average superhyperfine resonance frequencies, are independent of m:
S(m) ~ I -a||(Jz) i i | , all m. (6.58)
6.9.2.4 Comparison with the Experiments
Superhyperfine Parameters: From the observed average frequencies, the values of | aN | 
for the two axial fluorines can be estimated using Eqn.(6.58). The value of the matrix element 
(Jz)j j can be estimated either
(a) by assuming that Aj * A (5I8: free Ho3+ ion) = 812.1(1) MHz (Bleaney 1964) and 
hence, since AJ<Jz)1 j = -3.855 GHz (Sec.6.4), (Jz>n = -4.7470 
or (b) by using the value of (J ) j} of -4.8456 calculated from Mujaji 's crystal-field 
wavefunctions (Mujaji 1992) which gives Aj = 795.6 MHz.
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Only the magnitude of a|( can be experimentally determined; and, in contrast to the case of the 
CaF0: Ho3+ C4v (A) centre, the superhyperfine parameter a± cannot be determined from the 
zero-field experimental results. It is therefore not possible to determine the values of the two 
associated parameters a and a (defined in Sec.2.5) from the existing data, nor to determine the 
sign of a|( by making a comparison between ap and adip (see Sec.5.7.3). The sign of a|( is, 
however, chosen to be positive for the following reason. Because of the large observed 
separation within each doublet-structured superhyperfine resonance, it is reasonable to assume 
that the two terms in Eqn.(6.57), 4ma||^ (Jz)01 and 2md, have the opposite sign. If this is the 
case then, since d is negative (see next paragraph),
a„«JZ>2. A (J )r z': <Jz>2i = anAj I d ^ 21} = positive' (6'59)
As for the ground 5Ig multiplet, Aj is positive, therefore, the sign of a(| is positive. The 
estimated values of a]| are summarized in Table 6.6.
For axial fluorines, the value of the parameter d can be estimated from (Sec.2.5)
rt _  V
d 471
r  , 2
h Y Y
H3O F ( l - 3 c o s 2e ) ’ =  /z - K J471 ^ ^ ( i - s c o s ^ e ) 1>L r  J . 271 r  J
Substituting for h = 1.054 572 66 x 10*31 yHo = 5.4873 x 104 anc  ^Yp = 25.1662 x 
104 ^  , we obtain for axial F  ions 7 and 8 (Fig.6.18) (which have r = (2.3536 Ä, 0, 0) 
under the assumption of undistorted CaF0 lattice),
d = -  3.556 kHz. (6.61)
With the established values of Aj, a,,, d, and D, the values of (Jz)2] can be estimated from the 
observed separations using Eqn.(6.57). Our estimated value of (Jz)2i obtained by considering 
the two ground state doublets in isolation (~ ±1.2) is, however, much larger than the value 
calculated from Mujaji 's crystal-field wavefunctions (-0.4770) and the causes of this 
discrepancy are considered below.
224
6.9.2.5 Inclusion of the 5I8{E(138.5 cm-1)} Doublet
According to Mujaji et al (1992), the next three levels in the ground 5I8 multiplet are an Aj 
singlet, an A2 singlet, and an E doublet located respectively at 65 , 81, and 138.5 cm '1. The
hyperfine interactions do admix singlet and doublet hyperfine levels bu t, since in the zero order 
the singlet state has no magnetic moment, such a mixing can generate only the second order 
change in the magnetic moment of the doublet hyperfine levels and, hence, can be ruled out as 
being the cause of the observed large superhyperfine splittings.
To explicitly justify the exclusion of singlet states, consider the system consisting of an A 
singlet located at D cm '1 above an E doublet. Due to hyperfine interactions, the wavefunctions 
associated with the doublet hyperfine levels can be written as
E+, m)' = 1 E+, m) - - jp  -  | A, m+1) - (6.62 a)
and
E_, m)' = I E_, m) - (6.62 b)
where A|(, A±, A±, Cj, and C2 have been respectively defined in Eqns.(6.12 a), (6.12 b),
(6.12 c), (6.29 f), and (6.31 d);
C = 3 7 (1 '  m - 0 0  + m + 2); (6.62 c)
and
(6.62 d)
The expectation values of J  are, therefore,
2 '
(E+, m| J |E +, m)' =<E+|J J E +) 1- (6.63 a)
and
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'<E„ m |J|E _ , m)' = (E -U JE .)' 1 -
c c
1 4 AA
8(m+l) AhD = <H_| Jz|E_> . (6.63b)
It is clear from the above equations that the admixture of a singlet hyperfine level cannot account 
for the observed large superhyperfine splittings.
If the presence of an E doublet at 138.5 cm"1 (D'), which will be denoted by E(3), are taken 
into account, then
A5(m) = I 4mai|(^(Jz)2i + ? '(JZ>31) - 2md| > all m ; (6.64)
where
<Jz>3, s  <E+(3 ) |J J E +(1)>, 
and
Aj(E+(3)| Jz| E+(l)> Aj(Jz>3l 
^ ”  D' D'
(6.65 a)
(6.65 b)
Using Mujaji's wavefunctions (Mujaji 1992), the value of (Jz)31 (= 1.952) is about four times 
larger than the value of <Jz)2 j (= 0.477), whereas the crystal-field separation between E(3) and 
E(l) doublets is about five times larger than the crystal-field separation between E(2) and E(l) 
doublets. The contribution of E(3) to the superhyperfine separation -  which is proportional to 
(Jz>31/D' -  will, therefore, be about three time larger than that of E(2). It is therefore necessary 
to take into account the doublet level at 138.5 cm"1, and this explains why the value of (Jz)21 
obtained by considering only the two ground state doublets is much larger than the value 
calculated from Mujaji's crystal-field wavefunctions. However, the theoretical separations 
estimated from Eqn.(6.22), using Mujaji's crystal-field wavefunctions and the value of d for 
undistorted CaF2 lattice, are still less than the observed separations (see Table 6.6). These 
discrepancies can be attributed to (a) the inaccuracies of crystal-field wavefunctions, (b) the 
inaccuracy of the value of d due to the distortion of the CaF2 lattice, (c) the negligence of 
superhyperfine interactions between nondegenerate hyperfine levels within the ground doublet 
state (since the degenerate IE+(1), m) and IE_(l),-m) hyperfine levels have been treated in 
isolation), and (d) the negligence of other crystal-field levels.
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Table 6.6 Superhyperfine parameters associated with axial fluorines calculated under the 
assumption of undistorted CaF0 lattice.
axial
fluorine
average
frequency
(MHz)
a <a> all
(MHz)
i <b)all
(MHz)
a V  adip
(MHz)
m
observed
separation
(MHz)
theoretical
separation^1
(MHz)
±7/2 0.170 0.111
7 31.22 6.58 6.44 7.04 ±5/2 0.123 0.079
±3/2 0.072 0.048
±7/2 0.104 0.075
8 18.18 3.83 3.75 7.04 ±5/2 0.075 0.054
±3/2 0.044 0.032
(a) Calculated from Eqn.(6.46 b) using (J ) n  = -4.7470 obtained by assuming that Aj = 
A(5I8, Ho3+ free ion) = 812.1 GHz.
Calculated from Eqn.(6.46 b) using (J ^ jj = -4.8456 calculated from Mujaji's crystal- 
field wavefunctions (Mujaji 1992).
Calculated from
[ ti2f y
H.o F (3cos2e - l ) > = h* _ M ! % 3 c o SV l ) ►
l r J [ [ 2 n r  J
^  Calculated from Eqn.(6.62) using d = -3.556 kHz estimated for undistorted lattice; and 
the values of (Jz) n  = -4.8456, (Jz)21 = -0.4770, and (Jz) n  = 1.952 calculated from 
crystal-field wavefunctions (Mujaji 1992), D = 27 cm '1, and D' = 138.5 cm '1.
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Conclusions: The doublet structure within each superhyperfme resonance is attributed to the
magnetic field produced by the Ho3+ hyperfine-enhanced nuclear magnetic. The appearance of 
the two resonances in each case is satisfactorily explained by the fast electron spin flip between 
the two electronic components within the ground-state doublet. An account for the magnitude of 
the effect clearly shows that there is an enhancement of the magnetic moment arising from the 
interaction with (at least) two other ground-state doublets. This explanation, in contrast to that 
offered by Hasan et al (1988) where the doublet structure was attributed to local distortions of 
the centre symmetry, maintains the symmetry of the centre.
Similar results for Pr3+ in LiYF4: Pr3+ and YA103: Pr3+ crystals have been previously reported 
(Erickson and Sharma 1981; Sharma and Erickson 1981a, b; and Erickson 1993). In both 
cases, the lowest crystal-field level in the ground 3H4 multiplet is an electronic singlet. For Pr3+ 
in LiYF4 crystal, the significant enhancement of the Pr3+ nuclear magnetic moment, by the 
second-order magnetic hyperfine interaction, results in a strong dipolar coupling between Pr 
and F nuclear spins. This strong dipolar coupling has been shown to be responsible for the 
resolved structure in the P r  + L = ±^-<-> L = ± -  nuclear quadrupole resonance (NQR) 
transition (measured by the optical-RF double-resonance technique) (Erickson and Sharma 
1981; Sharma and Erickson 1981a, b). For Pr3+ in YA103 crystal, the observed doubling of 
each superhyperfine resonance (detected by monitoring the effect of the RF-induced “ Al 
magnetic dipole transitions on the 141Pr nuclear-quadrupole echo) was attributed to the magnetic 
field produced by the Pr hyperfine-enhanced nuclear moment (Erickson 1993).
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6.10 Conclusions
In general, for a trigonal C3v centre, an E —> E transition gives (21+1) axially (7t) polarized 
lines and (21+1) transverse (g ) polarized lines at the sum and difference of the ground- and 
excited-state hyperfine splittings. In this chapter, it is shown that if one of the E states interacts 
with an A state then, in principle, (21-1) extra lines in each polarization can be induced via the 
mixing among the doublet hyperfine levels. However, these (21-1) extra lines have an 
asymmetric variation in intensities with the two extra lines closer to the centre of the hyperfine 
pattern being the strongest. If the effective transverse hyperfine interaction, A±, is larger than 
the effective axial hyperfine interaction, A||5 this effect will result in a very distinctive E —» E 
hyperfine pattern, the calculation of which has been illustrated in this chapter.
The trigonal C3v (B) centre of Ho3+ in CaF2 provides a very clear example where such a 
strong hyperfine mixing has arisen. In this centre, there are two optical transitions where there 
is a neighbouring singlet and doublet interacting through the hyperfine interaction and 
transitions from the ground doublet to the excited doublet exhibit the predicted pattern of eight 
almost regular hyperfine lines with two extra lines within the spectrum. The origin of these 
extra lines is, therefore, clearly established and, although there has been no attempt to precisely 
fit the spectrum, it has been shown that the parameters of a simple model accounting for the 
major features of the spectrum are consistent with crystal field analysis of the centre.
There has been previous examples of irregularities in the pattern of hyperfine lines but these 
have arisen from hyperfine mixing of adjacent states resulting in intensity transfer between 
adjacent transitions (Agladeze et al 1986). The present case, however, is the first illustration 
where the hyperfine interaction with an adjacent state has led to a redistribution of the intensity 
within a single optical transition giving significant strengths to normally forbidden hyperfine 
transitions.
From the analyses of the zero-field optical and hyperfine ODMR spectra, the ground-state 
hyperfine parameters Aj(Jz) and Pg have been determined to be -3.855(3) GHz and +6.75(48) 
MHz, respectively.
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Another unusual feature observed in the CaF9: Ho3+ C3v (B) centre is the observation of four 
doublet-structured ground-state superhyperfine resonances associated with the eight nearest 
neighbouring fluorines. The separation within each resonance was found to scale with the value 
of the z-component of the Ho3+ nuclear spin of the associated optical transition. Consequently, 
the doublet structure was attributed to the magnetic field produced by the Ho3+ hyperfine- 
enhanced nuclear moment. Our analysis shows that this Ho3+ hyperfine-enhanced nuclear 
moment arises as a result of the coupling between the lowest ground-state doublet and (at least) 
two other ground-state doublets by the axial hyperfine interaction AjJzIz. This is the first time 
that the superhyperfine resonance in association with an electronic doublet has been shown to 
depend on the nuclear spin projection.
For the two nearest axial fluorines, the axial component of the ground-state electronic 
superhyperfine parameter (an) has been determined from the observed zero-field superhyperfine 
ODMR spectra, and the results are summarized in Table 6.6.
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Chapter 7
Summary
The main results of the investigations on the nature of two high symmetry single Ho3+ ion 
centres in the CaF?: Ho3+ (0.0005 mole %)  crystals can be summarised as follows.
7.1 CdFi'. Ho3+ Czjv (A) centre
In the CaF?: Ho3+ C4v (A) centre, the three lowest crystal-field levels in the excited 5F5 
multiplet are a Bj singlet, an E doublet, and an A2 doublet separated by 4.5 and 13.5 cm '1, 
respectively. As a result of these somewhat large separations, there is no significant effect 
arising from hyperfine mixing between the excited-state crystal-field. On the contrary, the two 
lowest crystal-field levels in the ground 5I8 multiplet are an Aj singlet and an A2 singlet 
separated only by 1.7 cm '1. Due to their proximity, the two ground-state electronic singlets are 
strongly admixed by the axial hyperfine interaction (AjJzIz). Consequently, several unusual 
features are observed in the high-resolution excitation spectra, and in the ground-state hyperfine 
and superhyperfine ODMR spectra.
(a) High-Resolution Excitation Spectra: The mixing effects give rise to anomalously 
large pseudoquadrupole splittings (up to 2.34 GHz) of the hyperfine components within 
both the 5I8(A j) and 5I8(A2) ground-state singlets. As a result, the fully-resolved 
hyperfine structures in the 5Ig{A x(0 cm '1), A2(1.7 cm '1)} —» 5F5{A2(15623 cm '1)} 
optical transitions are observed. The 5I8{A^O cm '1)} —» 5F5{A2( 15623 cm '1)} transition 
is nominally group-theoretically forbidden and, hence, its intensity arises solely from the 
admixture of the 5Ig{A0( 1.7 cm '1)} singlet. The large pseudoquadrupole splittings also
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give rise to the unusual folded hyperfine transition patterns associated with the ^I8{A ,(0 
cm '1), A2(1.7 cm '1)} —> 5F5{E( 15609 cm '1)} optical transitions.
(b) Ground-State Hyperfine ODMR Spectra: The ground-state hyperfine splittings 
within the two ground-state singlets have been directly measured using the holeburning 
microwave-optical double-resonance technique. Two sets of hyperfine resonances, 
corresponding to hyperfine transitions within the two ground-state singlets, were 
simultaneously detected. The occurrence of the second set of hyperfine resonances results 
from thermally-allowed electronic transitions between hyperfine levels of the two 
electronic singlets which have the same nuclear spin projection (electronic spin flip).
From the analyses of the optical and hyperfine ODMR spectra, the hyperfine parameters 
associated with the ground- and excited-state crystal-field levels were obtained and are 
given in Table 5.3.
(c) Ground-State Superhyperfine ODMR Spectra: There are also unusual features 
about the ground-state superhyperfine resonances. Normally, there is no magnetic 
moment associated with an electronic singlet and, hence, no superhyperfine resonance. 
The hyperfine mixing, however, gives rise to hyperfine-dependent effective magnetic 
moment of significant magnitude. As a result, for each set of equivalent neighbouring F  
ions, four ground-state superhyperfine resonances were detected. The observed hyperfine 
dependence of the effective magnetic moment agrees with the calculation involving two 
interacting ground-state singlets.
Another anomaly associated with the ground-state superhyperfine resonances is the 
observation of the resolved 210 kHz splitting in the interstitial superhyperfine resonances 
for the m = ± ^ Ho3+ hyperfine states. This anomalously large superhyperfine splitting 
has been shown to arise as a result of the transverse hyperfine coupling of the ground 
state singlets to an E state located at 81.3 cm'1 higher in energy.
From the analyses of the zero-field superhyperfine ODMR spectra, the ground-state 
interstitial superhyperfine parameters were determined and are given in Table 5.7.
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7.2 CaF2: Ho3+ C3v (B) centre
In the CaF2: Ho3+ C3v (B) centre , the lowest crystal-field levels in the ground 5I8 multiplet is 
an E doublet. The next four ground-state crystal-field levels are an E doublet, an Aj singlet, an 
A0 singlet and an E doublet located at 27, 65, 81, and 138.5 cm '1, respectively. Separations 
between the seven excited 5F5 crystal-field levels are, however, comparatively much smaller -  
being 1.5, 7.5, 5, 9.7, 0.8, and 18.5 cm '1, respectively. In this centre, several unusual 
features, arising from the hyperfine mixing between crystal-field levels in both the excited and 
the ground multiplets, were also observed. These features are:
(a) High-Resolution Excitation Spectra: In addition to the well-resolved hyperfine 
structure, the presence of the extra optical hyperfine lines are clearly observed in the two 
lowest energy doublet —> doublet transitions -  5Ig{E(0 cm '1)} —> 5F5 {E( 15605.5 cm '1)} 
and 5Ig{E(0 cm '1)} —> 5F5{E( 15613 cm '1)}. By using two high resolution laser 
spectroscopic techniques -  microwave-optical double-resonance and two-laser 
holeburning -  these extra hyperfine lines have been shown to arise as a consequence of 
the hyperfine mixing of the excited doublet with an adjacent electronic singlet.
(b) Ground-State Hyperfine ODMR Spectra: The number of the ground-state 
hyperfine resonances, detected by microwave-optical double-resonance technique, is 
double the number expected. The second set of the signals arises because of the fast 
reorientation of the electron spin in the ground-state doublet between the two electronic 
components having the same nuclear spin projection.
The ground-state hyperfine parameters Aj(Jz) and Pg were determined, from the zero-field 
optical and hyperfine ODMR spectra, to be -3.855(3) GHz and +6.75(48) MHz, 
respectively.
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(c) Ground-State Superhyperfine ODMR Spectra: The holeburning radio-frequency- 
optical double-resonance technique has been used to detect the superhyperfine transitions 
associated with the ground-state doublet. Based on the low-field Zeeman experiments, 
four observed doublet-structured superhyperfine resonances have been assigned to the 
eight nearest neighbouring fluorines.
Because of the hyperfine dependence of the separation within each resonance, the doublet 
structure was attributed to the magnetic field produced by the Ho3+ hyperfine-enhanced 
nuclear moment. This Ho3+ hyperfine-enhanced nuclear moment has been shown to arise 
as a result of the coupling between the lowest ground-state doublet and (at least) two other 
ground-state doublets by the axial hyperfine interaction (AjJzIz).
The axial component of the ground-state electronic superhyperfine parameter (an) 
associated with the two nearest axial fluorines was determined from the observed zero- 
field superhyperfine ODMR spectra, the results of which are summarized in Table 6.6.
In conclusion, through the use of high resolution laser spectroscopic techniques, an excellent 
understanding has been gained of the spectroscopic properties of the two dominant high 
symmetry Ho3+ centres in CaF2: Ho3+ (0.0005 mole %) crystals. In particular, all of the 
unusual features observed in the optical, the ground-state hyperfine ODMR, and the ground- 
state superhyperfine ODMR spectra were shown to arise as a result of the hyperfine interactions 
between crystal-field levels.
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